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By  IIenuy  Krelsinger  and  Walter  T.  Ray. 


INTRODUCTION. 

The  investigation  of  the  transmission  of  heat  into  steam  boilers  is 
one  of  several  researches  now  being  carried  on  by  the  Bureau  of 
Mnes  that  have  for  their  object  the  testing  of  methods  by  wliich  tlie 
mineral  fuels  in  this  country  may  be  used  more  efhciently.  A  better 
understanding  of  the  laws  governing  heat  transmission  into  boilers 
will  result  in  the  design  of  more  efficient  boilers,  and  more  efficient 
boilers  will  reduce  waste  in  the  use  of  fuel. 

The  results  of  the  investigations  described  in  this  report  indicate 
that  the  conductivity  of  the  heating  plates  of  steam  boilers  is  so  high 
that  the  present  steaming  capacities  can  be  tripled  or  quadrupled  by 
forcing  over  the  heating  surfaces  three  or  four  times  the  weight  of 
gases  now  passed  over  them.  With  well-designed  mechanical-draft 
apparatus  tliis  greater  weight  of  gases  can  be  forced  through  the 
boilers  at  a  small  operating  cost.  It  is  possible  to  increase  the 
capacity  of  many  of  the  present  boilers  in  this  way  without  reducing 
their  efficiency  much;  in  fact  by  a  proper  arrangement  of  the  heating 
surfaces  the  efficiency  can  be  made  higher  than  the  present  rating. 
The  efficiency  of  any  boiler  can  be  increased  by  arranging  its  heating 
surfaces  in  series  with  respect  to  the  path  of  hot  gases.  New  boilers 
of  Ixigh  efficiency  can  be  constructed  by  making  the  cross  section  of 
the  gas  passages  small  in  comparison  with  the  length. 

In  Bryan  Donkin's  book,  entitled  "The  Practical  Physics  of  the 
Modern  Steam  Boiler/'  it  is  stated  that  James  Watt  obtained  nearly 
as  good  an  evaporation  per  pound  of  coal  and  per  square  foot  of 
heating  surface  as  is  obtained  now.  The  remark  is  probably  true. 
At  any  rate,  about  the  only  decided  superiority  of  the  modern  steam 
boilers  over  older  types  is  in  mechanical  construction,  and  for  tliis 
superiority  credit  should  be  given  to  the  designers  of  macliine  tools 
quite  as  much  as  to  the  boiler  engineer.  The  main  reason  for  tardi- 
ness in  boiler  improvement  probably  lies  in  the  reluctance  of  educated 
engineers  to  do  the  dirty  and  disagreeable  work  involved  in  boiler 
tests. 

13 
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Nearly  a  lumdrcd  years  of  practical  investigation  of  boiler  and 
furnace  problems  lias  resulted  in  little  advance.  Perhaps  the  main 
reason  wliy  many  of  tlie  investigations  failed  to  bring  about  progress 
was  that  boiler  and  furnace  were  considered  a  unit  and  were  investi- 
gated together.  Various  combinations  of  boilers  and  furnaces  have 
been  built  and  tested  without  thoughtful  planning.  Many  of  the 
published  results  of  such  tests  confuse  the  performance  of  the  boiler 
and  the  furnace  in  such  a  way  that  it  is  difficult,  if  not  impossible,  to 
tell  which  of  the  two  sliould  be  blamed  or  praised  for  the  poor  or 
good  results  obtained  from  the  combined  apparatus.  Evidently, 
many  persons  have  thought  that  the  combined  efficiency  could  be 
greatly  increased  by  some  mysterious  manipulation. 

The  principles  governing  the  combustion  of  fuel  in  boiler  furnaces 
and  the  absorption  of  heat  by  boilers  have  been  Httle  understood.  The 
dogmas  that  the  area  of  grate  should  have  a  certain  ratio  to  the  area 
of  the  heating  surface,  and  that  it  takes  10  square  feet  of  heating  sur- 
face to  make  one  boiler  horsepower,  seemingly  had  become  so  thor- 
oughly fixed  in  the  mind  that  they  were  hardly  ever  questioned.  It 
is  only  within  the  last  decade  that  a  few  engineers  have  broken  away 
from  the  old  rule  of  thumb  methods  and  have  begun  to  investigate 
the  functions  of  the  boiler  and  furnace  separately.  Their  studies 
seem  to  mark  the  beginning  of  advance  in  steam-generating  apparatus. 

The  boiler  is  the  metalHc  vessel  that  contains  water  and  steam  and 
absorbs  heat;  consequently  it  should  be  studied  as  a. heat  absorber. 

The  furnace  is  that  part  of  the  steam-generating  apparatus  in 
which  the  potential  energy  of  the  coal  is  changed  into  heat;  conse- 
quently it  should  be  studied  as  a  heat  generator. 
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PURPOSE    OF  THIS   BULLETIN. 

Early  in  tlio  roiiliiio  work  of  llio  H((Mini-<»ri<;ii)('('rin^  soction  of  tlin 
tochn()l()<2;ic  brancli  of  llic  Uriitod  vStiitcs  (Jcoloj^ical  Survey  il  wfts 
realized  that  boiicM*  tests  made  for  the  pinpose  of  determining  tlu^ 
value  of  eoal  for  slcam  ])ro(hi('tion  meant  lit  tie  unless  the  boiler's 
performanee  was  subtraeted  so  as  to  show  the-  eflieiency  of  i\w  [^rato 
and  furnaee.  When  attempts  were  nnuU^  to  separate  the  perfonnaneo 
of  the  boiler  from  that  of  the  furnace,  itwasfound  that  little  was  known 
of  either.  This  lack  of  essential  knowled^ije  of  the  fundamental  |)rin- 
ciplcs  of  the])rocessof  steam  production  induced  the  steam-engineering 
section  to  take  up  the  study  of  the  heat-absorbinp;  abilities  of  the 
heatinG^  surfaces  of  boilers.  These  investij^^ations  were  carried  on  at 
intervals  for  nearly  three  years,  during  which  time  many  original 
experiments  with  small  laboratory  boilers  and  with  large  boilers  were 
made  and  studied.  The  purpose  of  this  bulletin  is  to  present  the  re- 
sults of  these  investigations;  to  discuss  the  laws  that  determine  the 
rate  of  heat  transfer  from  furnace  gases  through  metal  plates  into 
boiler  water;  and  to  offer  suggestions  as  to  how  these  laws  may  be 
applied. 

The  authors  realize,  how^ever,  that,  so  far  as  concerns  steam  gen- 
eration, a  study  of  the  absorption  of  heat  is  only  half  the  duty;  the 
other  half  is  the  study  of  the  combustion  of  the  fuel  in  the  furnace. 
The  systematic  studies  of  heat  production  and  absorption  being 
made  by  the  Bureau  of  Mines  treat  the  tw^o  as  independent  problems. 
At  the  mining  experiment  station  of  the  bureau,  at  Pittsburgh,  Pa.,  is 
a  furnace  with  a  long  combustion  chamber.  This  combustion  chamber 
receives  the  gases  from  a  fuel  bed  supplied  by  a  Murphy  stoker, 
and  discharges  into  a  steam-boiler  setting.  The  chamber  is  about  40 
feet  long  and  3  feet  square  internally.  Along  one  side  are  large  peep- 
holes 5  feet  apart,  tlirough  which  observations  can  be  made  and  in- 
struments inserted.  The  space  in  the  combustion  chamber  is  of  uniform 
cross  section,  that  the  stream  lines  of  gas  flow'  may  not  mix  except 
by  natural  diffusion  and  unavoidable  eddying.  In  such  a  furnace  the 
process  of  combustion  can  be  studied  much  better  than  in  the  ordinary 
boiler  furnace. 

SCOPE   OF  THIS  BULLETIN. 

The  material  presented  in  this  bulletin  is  arranged,  for  conven- 
ience, in  five  parts,  as  follows: 

I.  Introductory  statements. 

II.  Description  and  results  of  original  investigations  of  the  steam- 
engineering  section  of  the  United  States  Geological  Survey. 

III.  Abstracts  from  the  works  of  others  and  discussion  thereof. 

IV.  General  discussion  of  the  laws  governing  the  three  modes  of 
heat  propagation. 
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V.  Practical  application  of  the  laws  governing  heat  transmission 
to  the  design  of  steam  plants  and  steam  boilers  and  to  methods  of 
increasing  the  capacity  and  improving  the  economy  of  boilers  already 
installed. 

SYNOPSIS    OF    PART    I. 

Part  I  contains  an  exposition  of  the  path  of  heat  travel  from  the 
source  of  the  heat  to  the  boiler  water.  It  also  contains  an  explana- 
tion of  true  boiler  efficiency  and  its  relation  to  other  efficiencies  used 
in  many  reports  on  boiler  trials.  General  deductions  are  given  at 
the  end  of  this  part. 

SYNOPSIS   OF   PART   II. 

Part  II  contains  the  original  investigations  made  by  the  steam- 
engineering  section  of  the  United  States  Geological  Survey.  These 
investigations  consist  mainly  of  about  300  tests  w^ith  small  laboratory 
multitubular  boilers  which  were  fed  with  air  heated  in  an  electric 
furnace.  Laboratory  apparatus  was  used  because  of  the  ease  with 
which  the  running  conditions  could  be  controlled.  The  objects  of 
the  tests  were: 

(1)  To  find  the  effect  of  increasing  the  velocity  of  the  air  on  the 
rate  of  heat  absorption  and  on  the  true  boiler  efficiency,  when  the 
temperature  of  the  air  entering  the  boiler  remains  constant. 

(2)  To  find  the  effect  of  raising  the  temperature  of  the  air  entering 
the  boiler  on  the  rate  of  heat  absorption  and  on  the  true  boiler 
efficiency,  when  the  initial  temperature  of  the  air  remains  constant. 

(3)  To  find  the  effect  of  varying  the  diameter  of  the  flues  on  the 
true  boiler  efficiency,  when  the  initial  velocity  and  the  temperature 
remain  constant. 

(4)  To  find  the  effect  of  varying  the  length  of  the  flues  on  the 
true  boiler  efficiency,  when  the  initial  velocity,  the  temperature  of 
the  air,  and  the  diameter  of  the  flues  remain  constant. 

In  this  part  of  the  report  are  also  discussions  of  related  special 
observations  taken  during  tests  made  with  large  boilers,  a  torpedo- 
boat  boiler,  and  a  locomotive  boiler. 

SYNOPSIS  OF  PART  III. 

Part  III  comprises  a  brief  historical  review  of  such  work  by  other 
investigators  as  bears  directly  or  indirectly  on  the  subject  of  heat 
transmission  into  boilers,  as  applied  in  steam-engineering  practice. 
Abstracts  or  short  quotations  are  made  from  those  writings  that, 
although  almost  unnoticed,  are  of  extreme  value  to  engineers.  The 
writings  of  the  following  investigators  are  given  particular  attention: 
Osborne  Keynolds,  John  Perry,  Dr.  Nicolson,  and  E.  Stanton,  of 
England. 
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SYNoi'sis  or  J 'A  in'  iv. 

l^ait  IV  contains  a  (IctuihMl  inalhcinaticnl  discussion  of  IIk;  j^liys- 
ical  laws  j5;ovorniii«ij  tho  tlirco  modes  of  heat  transmission.  TUv, 
conclusions  arrived  at  mathematically  are  tested  hy  tho  n^sults 
obtained  from  tlie  experiments  made  by  tho  tochn()l()<^ic  branch  of  tho 
United  States  Geolo<j;ical  Survey. 

SYNOPSIS    OP^    PART    V. 

Part  V  treats  of  the  application  of  tlie  laws  of  heat  tiansniission 
to  steam  boilers,  and  of  tho  possibilities  of  improvin<^  boilers  already 
installed  by  special  arrangements  of  bailies  and  grates.  It  further 
gives  a  few  instances  where  such  principles  as  are  developed  in  Parts 
II,  III,  and  IV  have  been  successfully  applied,  and  concludes  with  a 
brief  summary  of  the  significance  of  surface  combustion  as  applied 
by  Prof.  Bone  to  boiler  heating. 
57537°— Bull.  18—12 2 
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PRELIMINARY  CONSIDERATIONS. 
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HOW  HEAT   FLOWS   INTO  THE   BOILER  WATER. 

Before  any  summary  of  deductions  from  the  investigation  can  be 
given  and  intelligently  followed,  it  is  necessary  to  show  briefly  how 
heat  travels  from  the  hot  fuel  bed,  the  flames,  and  the  hot  gases, 
through  the  heating  plates  of  the  boiler  into  the  boiler  water.  A  few 
definitions  and  explanations  of  the  terms  used  will  help  to  a  better 
understanding  of  the  conclusions.     Figure  1  shows  diagrammatically 

the   modes   of   heat  travel 
into  boiler  water. 

The  diagram  shows  the 
metal  plate  covered  with  a 
layer  of  soot  on  the  gas  side 
and  with  a  layer  of  scale  on 
the  water  side.  Xext  to  the 
soot  layer  and  entangled  in 

ion  I  ueavw  "^  *-" 

I  i~"«-«fi?2  its  recesses  is  a  layer  or  fihn 
of  motionless  gas.  This  film 
of  gas  under  ordinary  con- 
ditions adheres  so  tightly  to 
the  soot  or  the  metal  that 
it  may  almost  be  considered 
a  part  of  the  sohd  plate.  It 
is  reasonable,  therefore,  to 
assume  that  the  dry  surface 
of  the  plate  is  situated  some- 
where within  this  film  of  gas,  as  indicated  in  figure  1.  The  wet  surface 
of  the  heating  plate  is  perhaps  located  on  the  inside  of  the  boiler  in 
a  film  of  water  and  steam  adhering  to  the  layer  of  scale,  or,  if  the 
boiler  is  clean,  to  the  metal  plate. 

In  any  steam-generating  apparatus  the  heat  is  produced  in  the 
furnace  by  the  burning  of  fuel.  As  the  process  of  combustion  goes 
on  the  heat  evolved  is  immediately  absorbed,  partly  by  heating  of 
the  fresh  fuel  but  mainly  by  the  gaseous  products  of  combustion. 
The  absorption  of  heat  by  these  substances  causes  a  rise  in  their 
temperature,  so  that  by  observing  the  temperature  one  can  tell  how 
much  heat  they  contain. 
18 


Figure  1.— Diagrammatic  illustration  of  the  ways  in 
which  heat  enters,  travels  through,  and  leaves  a  boiler 
plate. 
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Tlio  luMil.  ('V()I\(m1  nnd  coiH-MiiKMl  in  I.Ik^  ^jihoous  j)ro(lii(',ts  of  coin- 
biistioii  is  Ijiinsfcircd  tJiioii^h  tho  j^aa-fillcd  sparui  jiiid  then  Inins- 
inittcMl  tliroii^h  tli(^  heating  |)ln,l,('S  into  tlH».  ])oiI(T  water.  Tiio  pro- 
cess of  trjinsinissioii  tnUes  plarv,  in  Uwoo,  dist/inet  niodfjs  or  ways 
(fi^.  1),  oacli  ol"  wliich  is  governed  l)\^  a  definite  law  not  a|)pli(;ahlo 
to  tlio  others.  Before  the  heat  readies  tho  body  of  the  boiler  water 
it  changes  its  mode  of  travel  ui  h'ast  twic^e.  It  is  first  imparted  to 
the  dry  surface  of  the  heatinj;  plato  in  two  ways:  (a)  By  radiation 
from  tho  liot  fuol  bed,  tho  furnace  walls,  and  tho  luminous  ilames, 
and  (h)  by  convection  from  the  hot,  movin<^  <^ascous  products  of 
combustion.  When  tho  heat  reaches  the  dry  surface  it  changes  its 
mode  of  travel  and  passes  through  tho  soot,  metal,  and  scale  to  the 
wet  surface  purely  by  conduction.  From  the  wet  surface  of  the 
plate  the  heat  is  carried  into  the  boiler  water  mainly  by  convection. 

It  may  be  well  to  define  and  describe  briefly  these  modes  of  heat 
travel  and  the  dry  and  the  wet  surfaces  of  the  heating  plate. 

RADIATION. 

Radiation  is  that  mode  of  heat  propagation  by  which  heat  passes 
through  space  from  one  body  to  another  without  any  material 
agency;  the  two  bodies  do  not  come  into  contact  directly  nor  does  a 
third  body  or  other  bodies  transmit  the  heat.  In  the  case  of  a  furnace 
and  the  heating  plate  of  a  boiler,  the  heat  from  the  hot  fuel  bed  and 
furnace  walls  flows  by  radiation  through  the  space  filled  with  gases, 
without  heating  the  gases  appreciably,  directly  into  the  boiler  plate. 
The  quantity  of  heat  transmitted  by  radiation  would  not  be  lessened 
if  the  gases  did  not  fill  the  space;  in  fact,  it  would  be  slightly  greater 
if  there  were  a  vacuum  between  the  fuel  bed  and  the  plate. 

CONVECTION. 

Convection  of  heat  from  one  place  to  another  always  implies  the 
motion  of  a  fluid  receiving  or  giving  up  the  heat.  Thus,  in  the  case 
of  the  hot  gases  and  the  boiler,  the  heat  is  transferred  to  the  heating 
plate  (from  the  gas)  by  small  particles  of  the  gas  moving  from  the 
body  of  the  gas  to  the  plate  and  imparting  their  heat  to  the  latter 
by  their  impact  upon  it.  In  other  words,  convection  is  a  process  of 
continuous  interchange  of  position  between  cooled  particles  (mole- 
cules) of  gas  next  to  the  heat-absorbing  surface  and  hotter  particles 
within  the  body  of  the  gas.  It  will  be  shown  later  that  the  quantity 
of  heat  imparted  to  a  unit  area  of  dry  surface  of  the  plate  depends  on 
the  rate  at  which  these  particles  of  gas  exchange  positions. 

CONDUCTION. 

Conduction  of  heat  is  the  process  by  which  heat  flows  from  a 
hotter  body  to  a  colder  one,  when  the  two  bodies  are  in  contact,  or 
from  a  hotter  to  a  colder  part  of  the  same  body.  Conduction  implies 
no  visible  nor  mechanical  motion  of  different  bodies  or  different 
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parts  of  the  same  body,  but  implies  a  direct  contact.  In  a  boiler 
the  heat  passes  ])v  conduction  from  the  particles  of  hot  gas  that 
touch  the  soot  coating,  into  tlie  soot,  and  then  through  the  metal  and 
the  scale  (if  there  happens  to  be  any  of  the  latter)  into  the  particles 
of  water  next  to  the  scale.  These  particles  of  water  absorb  heat 
until  they  change  into  small  bubbles  of  steam  which  are  carried 
away  by  the  circulation  of  the  water.  Since  the  heat  in  these  steam 
bubbles  is  taken  from  the  heating  plate  through  the  water  into  the 
steam  space  by  mechanical,  or  visible  motion,  it  is  said  to  travel  by 
convection. 

The  particles  of  gas  in  contact  with  the  soot  coating  of  the  tubes 
may  form  a  gas  fdm  of  appreciable  thickness;  then  the  heat  near  the 
outside  of  the  film  has  to  travel  by  conduction  through  part  of  the 
thickness  of  the  film  a  longer  distance  than  does  the  heat  near  to  the 
soot  coating.  Thus  the  boundary  along  which  convection  ceases 
and  conduction  starts  is  not  a  well-defined  surface,  but  rather  a  gas 
layer  of  measurable  thickness.  In  addition,  gases  are  permeable  to 
radiation,  so  that  the  heat  traveling  by  radiation  penetrates  the  gas 
film  and  enters  the  soot  coating  almost  directly.  In  consequence, 
the  dry  surface  of  the  heating  plate  may  be  defined  as  the  thin 
layer  of  gas  near,  or  at,  the  outside  surface  of  the  soot  coating,  where 
the  heat  ceases  to  travel  by  convection  and  starts  to  travel  by  con- 
duction. For  similar  reasons  the  wet  surface  of  the  heating  plate 
may  be  defined  as  the  tliin  layer  of  steam  and  water,  near  or  at  the 
surface  of  the  layer  of  scale  away  from  the  metal  plate,  where  the 
heat  ceases  to  travel  by  conduction  and  starts  to  travel  by  convec- 
tion facilitated  by  the  circulation  of  the  water  in  the  boiler. 

HEAT  AVAILABLE  FOR  A  BOILER  AND  TRUE  BOILER  EFFICIENCY. 

Without  the  aid  of  an  external  agency  heat  flows  from  a  hot  body 
only  to  bodies  at  lower  temperatures ;  therefore  a  boiler  can  absorb 
only  that  heat  wliich  is  above  the  temperature  of  the  water  in  it. 
The  heat  that  is  above  the  temperature  of  the  boiler  water  is  called 
the  '4ieat  available  for  the  boiler."  Heat  below  this  temperature 
will  not  flow  into  the  boiler  and  therefore  is  not  available  for  it.  The 
quantity  of  heat  a  boiler  \^dll  absorb  per  unit  of  time  depends  almost 
entirely  on  the  quantity  of  available  heat  dehvered  to  it.  Any  com- 
mercial boiler  absorbs  only  part  of  the  available  heat.  The  heat  ab- 
sorbed, expressed  as  a  percentage  of  the  heat  available,  is  termed 
the  ''true  boiler  efficiency."  Tliis  efficiency  depends  somewhat  on 
the  way  the  heat  is  presented  to  the  boiler,  but  chiefly  upon  the 
arrangement  of  the  boiler's  heating  surface.  The  true  boiler  effi- 
ciency is  thus  a  ratio  that  is  expressed  by  the  equation: 

^        ,    .,        ^  .  Heat  absorbed  by  boiler 

irue  boiler  eniciency  =  TT — i -i  ui    j     i.  -i — 

-^     Heat  available  tor  boiler 
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Tlio  trno  1)()11(M"  <^frK',i(UH'.y  liiis  Ixmwi  (l(wis(^(l  Ium-uuso  it  is  Mio  only 
truo  luc^jisiiro  of  t-lui  l)oil(M"'s  iihilil-y  to  ahsorl)  heal.  All  ollii^r  ])<)il«r 
ofrK'i(Mi(',i<^s  ^ls(^(l  in  c.oinnKU'cin,!  l)()il(^r  leasts  bluriH^  IIk^  boiler  for  not 
absorbing  boat  tbat  is  billow  tb(^  toinjXM-jil  iir(^  of  ilm  bnllcr  \v;i.fr'r  .ux] 
tboroforo  not  avaibL])l(^  for  absorplJon. 

It  is  |)orba[)s  woll  to  stoj)  ]i(>ro  and  o\|)l}i,in  niorc^  fn^lv  '>y  sjxu'/ific; 
examples  wbat  tlin  true  ])oil(M'  odicjenc-y  is  and  liow  it  is  n^bilful  to 
tbo  l)()ilor  o(Iicion('<y  ordiruirily  us(ul. 

Assnnio  tliat  1  pound  of  a  cond)ustiblo  ]iavin<^  a  Jinaiin^  vabin  of 
12,000  I^ritisli  tliornial  nnits  is  1)urn(Ml  C()nij)lot-<^ly  and  tbat  tbo  ^ase- 
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Figure  2. — Heat  available  for  absorption  by  a  boiler  under  two  different  temperature  conditions.  Case  1 
shows  the  various  quantities  of  heat  when  1  pound  of  "combustible"  is  burned  with  so  much  air  that  the 
resulting  gaseous  products  of  combustion  weigh  20  pounds  and  have  an  initial  temperature  of  2,400°  F. 
Case  2  shows  the  various  quantities  of  heat  when  1  pound  of  "combustible"  is  burned  with  so  much 
air  that  the  resulting  gaseous  products  of  combustion  weigh  40  pounds  and  have  an  initial  temperature  of 
1,2G0°  F. 

ous  products  of  combustion  weigh  20  pounds;  assume  also,  for  the 
sake  of  simplicity,  that  the  specific  heat  of  the  gases  is  0.25;  then  the 
temperature  of  the  products  of  combustion  will  be  2,400°  F.  above 
the  temperature  of  the  atmosphere.  If  the  latter  temperature  is 
assumed  to  be  60°  F.,  the  temperature  of  the  products  of  combustion 
is  2,460°  F.  Then  if,  as  in  figure  2,  case  1,  the  results  are  platted,  the 
temperature  being  used  as  ordinates  and  the  product  of  the  weight  of 
the  gases  multiplied  by  their  specific  heat  as  abscissae,  the  heat  gen- 
erated by  the  burning  of  the  combustible  is  represented  by  the  area 
OEFP,    the   line    OP   representing    the    atmospheric    temperature. 
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Assiimo  that  tliis  hot  gas  is  passed  tlirough  a  boiler  generating  steam. 
If  the  pressure  of  tlio  steam  were  80  pounds,  the  temperature  of  tlie 
boiler  water  would  be  about  324°  F.  Let  the  line  AB  indicate  this 
temperature.  Then  of  the  total  heat  generated,  only  the  heat  above 
324°  F.,  or  the  heat  represented  by  the  area  AEFB,  is  available  for 
absorption.  The  remainder  of  the  heat  represented  by  the  area 
OABP,  being  below  the  temperature  of  the  water  in  the  boiler,  will 
not  flow  into  the  water,  and  therefore  is  not  available  for  absorption. 
Only  the  available  heat  represented  by  AEFB  can  be  absorbed  by  an 
ideal  boiler;  therefore  tliis  heat  is  taken  as  the  basis  for  measuring 
the  heat-absorbing  ability  of  a  boiler. 

Now,  assume  that  the  boiler  cools  the  gases  down  to  750°  F.  If 
this  temperature  is  indicated  in  the  diagram  by  the  line  GH,  the  heat 
absorbed  by  the  boiler  is  represented  by  the  area  GEFH.  Then  the 
true  boiler  efficiency  is  sho^vn  by  the  ratio  of  the  area  GEFH  to  the 
area  AEFB ;  and  the  ordinarily  used  boiler  efficiency  is  shown  by  the 
ratio  of  the  area  GEFH  to  the  area  GEFP.  The  numerical  values  of 
the  two  efficiencies  in  the  assumed  cases  are: 

The  true  boiler  efficiency,  ^4  =  2460  — '^24'^^^  P^^  cent. 

^rn    '  J-         -1  J    17        2,460-750      _^ 

Emciency  ordinarily  used,  E  =0  4ro—   BO^      P®^  cent. 

If  the  steam,  instead  of  being  generated  under  80  pounds  of  pressure, 
w^ere  generated  under  a  pressure  of  200  pounds,  the  corresponding 
temperature  of  the  boiler  water  would  be  388°  F.  On  account  of  this 
higher  boiler-w^ater  temperature,  less  heat  would  be  available  for 
absorption  and  less  heat  w^ould  be  absorbed  by  the  boiler,  even 
though  the  ratios  of  the  two  heats  might  remain  the  same.  If  the 
temperature  of  the  escaping  gases  assumed  in  the  second  case  be 
800°  F.,  the  two  boiler  efficiencies  are: 

True  boiler  efficiencv,  E.  =  Jt-tttt: — ^^7^  =  80  per  cent. 

2,460  —  388  ^ 

Efficiencv  ordinarily  used,  E  ='1\^^ W7^  =  ^^  per  cent. 

-^  '  2,460-    60  ^ 

This  second  case  show^s  that,  although  the  rise  in  steam  pressure 
m.ay  not  affect  the  true  boiler  efficiency,  it  lowers  the  ordinarily  used 
boiler  efficiency. 

Again,  assume  that  the  same  1  pound  of  combustible  is  burned  com- 
pletely and  that  the  resulting  weight  of  the  gaseous  products  of  com- 
bustion is  40  pounds.  The  temperature  of  the  products  of  combustion 
will  then  be  only  1,200°  F.  above  atmospheric  temperature.  The  vari- 
ous quantities  of  heat  are  represented  in  figure  2,  case  2.  Although 
the  quantity  of  heat  generated  is  the  same  as  that  in  the  first  case, 
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twico  as  niiicli  of  (Ik^  ImmiI  is  below  (Ik^  Icunpcniluni  of  tho  boiler 
wa((M',  and,  tluM'c^fon^,  not  available  for  absorption;  llw;  (juanlily  of 
tlio  Jioat  availablo  is  sniallc^r  by  i\w  sanio  amount.  Tlius,  oven  sliouid 
the  trim  boiler  ellieioney  remain  eonstant,  a  smaiUir  j)oreenta'^e  of  the 
total  (juantity  of  Iieat  pjeneratcMl  will  Iw  nbsorbod  because  less  licat 
is  availablo  for  absorj)t.ion.  If  the  assunK'd  temj)oraturo  of  the  gases 
leaving  the  boiler  Ix^  510°  K.,  tlu^  two  eflicieneies  are: 

True  boiler  ellicieucy,  ^4  =  ^-^ *-  ,  =80  per  cent. 

^'  '     1,260-324  ^ 

Ellicioncy  ordhiarily  used,  E  =•  '       —=62.5  per  cent. 

Tlio  above  figures  show  tliat,  althougii  the  true  boiler  efficiency  is 
the  same,  the  ordinarily  used  efhciency  is  8.5  per  cent  lower  tlian  that 
in  case  1  (fig.  2).  Finally,  so  mucli  air  could  be  used  for  combustion 
that  the  temperature  of  the  products  would  equal  that  of  the  boiler 
water;  then  no  heat  v^^ould  be  available  for  the  boiler,  and  no  heat 
would  be  absorbed  by  it.  Thus  it  can  be  seen  that  the  useful  effect 
of  the  heat  generated  diminishes  with  the  drop  in  its  initial  tem- 
perature. Any  factor  that  reduces  the  temperature  of  the  products 
of  combustion  is  tlie  fault  of  the  furnace  and  not  of  the  boiler.  It  is 
therefore  wrong  to  charge,  in  the  above  cases,  the  decreases  in  the 
useful  effect  to  the  boiler ;  they  are  the  fault  of  the  furnace  and  should 
therefore  be  charged  against  the  furnace. 

True  boiler  efficiency  has  the  advantage  over  the  ordinarily  used 
boiler  efficiency  that  it  takes  care  of  the  variation  of  the  temperature 
of  the  furnace  gases  as  well  as  the  variation  of  the  temperature  of 
the  boiler  w^ater,  caused  by  different  steam  pressures.  In  other 
words,  true  boiler  efficiency  does  not  blame  the  boiler  for  a  lessened 
steam  production  caused  by  a  lower  temperature  of  the  furnace  gases, 
which  really  is  a  fault  of  the  furnace,  nor  does  it  blame  the  boiler  for 
absorbing  less  heat  wdien  tlie  temperature  of  the  boiler  water  is 
raised  by  raising  the  steam  pressure. 

GENERAL  DEDUCTIONS.^ 

In  almost  all  the  boilers  now  used  for  generating  steam  only  a 
small  percentage  of  the  heating  surface  is  so  exposed  to  radiation 
from  the  fuel  bed,  furnace  w^alls,  and  flames  as  to  receive  heat,  both 
by  radiation  and  convection.  By  far  the  greater  part  of  the  surface 
receives  heat  only  by  convection  from  the  moving  gaseous  products 
of  combustion. 

The  greatest  resistance  to  the  flow  of  heat  is  met  before  the  hot 
gases  reach  the  dry  surface  of  the  heating  plate.     If  a  boiler  is  even 

a  These  deductions  are  placed  in  the  first  part  of  the  bulletin  for  the  convenience  of  the  reader, 
although  the  justifications  for  some  of  them  appear  later. 
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moderately  clean,  the  resistance  of  the  plate  itself  to  the  flow  of  heat 
through  it  is  very  small  indeed.  The  resistance  to  the  passage  of  the 
heat  from  the  plate  into  the  boiler  water  is  also  very  small.  It  may 
be  said  that  the  heating  plates  transmit  to  the  boiler  water  all  the 
heat  that  can  be  imparted  to  their  dry  surfaces. 

Increasing  the  rate  at  which  heat  is  imparted  to  the  dry  surface  of 
the  heating  plate  increases  the  rate  of  steam  production  in  the  same 
proportion. 

Smce  in  most  boilers  the  heat  imparted  by  convection  is  the  larger 
part  of  the  total  heat  the  boiler  receives,  increasing  the  rate  at  which 
heat  is  imparted  to  the  heating  surface  by  convection  causes  a  nearly 
proportionate  increase  in  the  rate  of  steam  production.  If  the  initial 
temperature  of  the  moving  gases  remains  constant,  increasing  the 
velocity  with  which  the  latter  pass  over  the  heating  plate  increases 
in  an  almost  direct  ratio  the  rate  at  which  heat  is  imparted  to  the 
dry  surface  of  the  plate,  and  therefore  increases  almost  directly  the 
rate  at  which  steam  is  made. 

In  the  future  the  velocity  at  which  gases  pass  over  the  heating 
plates  will  be  the  factor  that  will  be  used  for  increasing  the  capacity 
of  boilers.  There  is  no  valid  reason  why  stationary  boilers  can  not 
be  worked  at  two  or  tliree  times  the  rate  at  which  they  are  worked 
at  present. 

To  increase  the  capacity  of  any  boiler,  pass  more  gases  over  its 
heating  surfaces. 

A  boiler  that  has  its  heating  plates  arranged  in  such  a  way  that 
the  gas  passages  are  long  and  of  small  cross  section  is  more  efficient 
than  a  boiler  in  which  the  gas  passages  are  short  and  of  large  cross 
section. 

If  the  same  weights  of  gas  at  the  same  initial  temperature  are 
passed  through  a  2-inch  and  a  4-inch  flue,  both  flues  having  the  same 
length,  the  2-inch  flue  will  absorb  more  heat  than  the  4-inch  flue, 
although  the  4-inch  flue  has  twice  as  much  heating  surface  as  the 
2-inch  flue. 

Locomotive  boilers  are  as  a  rule  more  efficient  than  stationary 
fire-tube  boilers,  because  the  tubes  in  the  former  boilers  have  a 
smaller  diameter  in  comparison  with  their  length  than  the  tubes  in 
the  latter  boilers. 

To  increase  the  efficiency  of  water-tube  boilers,  insert  baffles  in 
such  a  way  that  the  heatmg  surfaces  are  arranged  in  series  wdth 
reference  to  the  gas  flow,  thus  making  the  gas  passage  longer. 

As  the  velocity  of  gases  over  the  heating  plates  of  a  boiler  increases, 
the  true  boiler  efficiency  at  first  drops,  and  then,  after  the  gases 
exceed  a  certain  velocity,  it  remains  nearly  constant. 

In  multitubular  boilers  the  true  boiler  efficiency  increases  as  the 
diameter  of  the  tubes  decreases.     In  water-tube  boilers  the  true 
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boiler  cdicuMicy  incrtuiHcs  us  tlio  ciosm  ^,(•(•l  ion   of  the  ^'ns   j)jiHHiigett 
botwo(Mi  individual  tidx^H  docmusc^s. 

'Ill  imdtiiuhidiir  hoilors  tlx^  tnj(^  hoilci-  cflicienry  incroasos  as  tlio 
Iniij^tli  of  tlio  iliios  iiicrcas(^s,  and  in  \vnt(M'-tub(^  boihus  it  increaHcs  as 
the  length  of  tlio  ^as  i)assa<;cs  incroascs. 

In  boilers  that  receive  the  <^reat(M*  part  of  their  heat  by  (•onv(i((ion, 
the  true  boiler  ellieiency  after  tlie  ^nses  attain  a  certain  velocity  is 
nearly  inde])endoiit  of  the  initial  temperature  of  tlio  ^ases. 

Within  certain  limits,  tho  true  boiler  cllicicncy  depends  on  the 
shape  of  a  boiler  and  not  on  its  size  nor  its  operation. 


PART  II. 

INVESTIGATIONS  OF  THE  UNITED  STATES  GEOLOGICAL 

SURVEY. 

EXPERIMENTS  WITH   SMALL  MULTITUBULAR  BOILERS. 

Laboratory  experiments  with  small  multitubular  boilers  were 
undertaken  by  the  technolosfic  branch  of  the  United  States  Geo- 
logical  Survey  with  the  object  of  obtaining  some  data  that  could 
be  used  to  study  the  factors  influencing  the  rate  at  which  heat  is 
imparted  by  convection  to  the  heating  surfaces  of  boilers. 

DESCRIPTION    OF   APPARATUS. 

The  apparatus  used  in  these  experiments  consisted  mainly  of 
small  horizontal  interchangeable  tubular  boilers  which  were  fed 
with  air  heated  in  an  electric  furnace.  The  steam  generated  in  a 
boiler  was  condensed  in  a  small  surface  condenser  and  the  quantity 
accurately  determined.  A  steam  ejector,  connected  to  the  exit  end 
of  the  boiler,  caused  a  current  of  air  to  flow  through  the  boiler  and 
furnace,  which  were  placed  within  a  long  box  that  formed  the  body 
of  the  apparatus.  The  box  was  made  of  ''asbestos  slate,"  and  the 
annular  space  around  the  boiler  was  filled  with  mineral  wool  and 
magnesia  covering.  The  current  consumed  in  the  furnace  was  con- 
trolled by  a  water  rheostat  and  was  measured  by  an  integrating 
wattmeter.     Figure  3  shows  the  apparatus  as  assembled. 


THE    BOILERS. 


Experiments  have  been  made  with  four  horizontal  multitubular 
boilers.  A  piece  of  standard  4-inch  wrought-iron  pipe  served  for 
the  outside  shell  of  each  boiler.  The  heads  were  made  of  J-inch 
sheet  copper  and  were  riveted  to  the  ends  of  the  4-inch  pipe.  All 
boilers  had  ten  flues  of  thin  copper  tubing;  these  were  expanded  and 
soldered  into  holes  in  the  boiler  heads.  Figure  3  shows  two  sections 
through  one  of  the  boilers.  The  following  table  gives  the  dimensions 
of  the  four  boilers. 

Table  1. — Dimensions  of  small  experimental  boilers. 


Dimensions. 

Boiler  No.— 

1 

2 

3 

4 

Length  of  boiler,  outside  to  outside  of  boiler  heads 

Actual  outside  diameter  of  flues 

Actual  inside  diameter  of  flues 

Thickness  of  walls  of  flues 

Total  area  of  inside  cross  section  of  flues 

Total  heating  surface  of  flues 

inches.. 

do.... 

do.... 

do.... 

square  feet. . 
do — 

8.28 
.252 
.175 
.038 
. 00167 
.31617 

8.28 
.313 
.230 
.041 
.002885 
.  41554 

16.125 
.252 
.175 
.038 
.00167 
.6156 

8.28 
.3745 
.2928 
.0408 
.00467 
.529 
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Each  of  the  boilers  was  equipped  with  a  water-gage  glass,  a  ther- 
mometer cup  for  measuring  the  temperature  of  the  steam,  a  pipe  for 
feeding  the  boiler,  and  a  pipe  for  letting  out  the  steam. 

THE   FURNACE. 

The  cloctri(;  furnace  consisted  of  six  coils  of  pure  nickel  wire 
wound  around  rectangular  pieces  of  asbestos  slate,  -f^  inch  thick, 
3J  inches  wide,  and  12  inches  long.  The  nickel  wire  was  0.072  inch 
in  diameter,  about  No.  13  B.  &  S.  gage.  There  were  51  turns  in  each 
coil,  so  that  the  total  length  of  the  wire  in  the  furnace  was  204  feet. 
In  most  of  the  tests  the  coils  were  connected  in  series;  with  high 
temperatures  and  high-pressure  drops  or  '' drafts""  three  coils  were 
connected  in  series,  and  the  two  threes  were  connected  in  parallel.  A 
water  rheostat  was  used  for  adjusting  the  electrical  energy  to  each 
temperature  and  ^' draft."  Direct  current  of  220  volts  was  used  for 
feeding  the  furnace.  The  coils  were  placed  vertically  in  the  front 
portion  of  the  asbestos-slate  box,  with  a  space  of  about  -f^  inch 
between  them,  and  were  so  baffled  that  the  air  passed  along  the  coils 
three  times  before  it  left  the  furnace.  The  arrangement  of  the  coils 
in  the  furnace  is  shown  in  two  views  in  figure  3. 

Endurance  of  the  furnace. — With  temperatures  up  to  about  900° 
F.  there  was  no  particular  trouble,  but  when  the  temperature  of 
air  was  raised  to  1,200°  F.  and  1,500°  F.  the  nickel  wire  seemed  to 
crystalhze  and  become  very  brittle  after  cooling.  The  coils  usually 
failed  by  fusing  after  they  had  been  in  use  ten  hours  a  day  for  six  to 
ten  days. 

It  must  be  understood  that  in  order  to  raise  the  temperature  of  air 
to  1,500°  F.  with  extremely  high  or  low  ^'  drafts  "  the  coils  were  heated 
close  to  the  point  of  fusion  (2,600°  F.). 

THE    CONDENSER. 

The  surface  condenser  consisted  of  two  concentric  copper  tubes, 
the  inner  one  of  which  was  for  steam  and  the  outer  one  for  a-stream 
of  cooling  water.  The  size  of  the  steam  tube  was  the  same  as  that 
of  the  flues  of  boiler  No.  1 ;  the  internal  diameter  of  the  water  tube 
was  0.3  inch.     The  total  length  of  the  condenser  was  11  feet  6  inches. 

THE    EJECTOR. 

The  steam  ejector  for  producing  ''draft"  was  a  standard  J-inch 
pipe;  it  was  placed  in  the  center  of  a  contracted  pipe,  made  of  gal- 
vanized sheet  iron,  which  took  the  hot  air  away  from  the  rear  of  the 
boiler. 

a  Throughout  this  bulletin  the  word  "draft"  is  inclosed  in  quotation  marks  if  used,  or  rather  misused, 
in  the  ordinary  sense  of  a  pressure  difference  between  two  points  in  a  moving  stream  of  gas. 
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'nii'i   noDV  OK  'nil':  Ai'i'AitATi/H. 


TIh^  ''}isl)Ostos-Hlat(^"  box  (hut  forriKul  tli(^  Ixxly  of  llic  uppaniius 
was  1  foot  lii^li  by  1  foot  w'kN^  by  5  fcf^t  lon<^.  'V\\(',  s\m('()  tbat  licld 
tho  fui'iuico  and  tlio  spacer  back  of  \\\o.  lioilcr  w(M(^  4  inclH^s  scjuan^,  so 
lliat  tlio  total  thickiu^ss  of  tho  iiisiilatinj^  walls  was  4  inches.  Tho 
walls  aroiHid  tho  fiiiiiaco  consisted  of  a  J-inch  lining  of  asbestos  slate, 
and  a  1-inch  layer  of  magnesia  boiler  coverinf^,  composc^d  of  85  j)er 
cent  nia^nesiinn  oxide  and  15  per  cent  asbestos.  The  s{)ace  b(^tw(5en 
tho  biyer  of  majjjnesia  and  tho  outside  sheet  of  tho  box  was  fdled  with 
mineral  wool.  Tho  space  around  tho  boik^r  was  fdled  with  a  mixture 
of  wood  ashes  and  asbestos. 

Tho  '' asbestos  slate"  proved  to  be  easily  workable;  it  withstood 
the  tem[)erature  of  the  furnace  very  well.  Asbestos  ''shingles"  were 
found  to  be  more  durable  at  liigli  temperatures  than  asbestos  ''  lum- 
ber," as  they  are  called  by  the  maker. 


PROTECTING    SCREENS. 


The  space  between  the  furnace  and  the  boiler  was  fitted  with  eight 
perforated  screens.  Tho  four  middle  screens  had  in  their  centers 
round  holes  Ij  inches  in  diameter.  In  the  spaces  between  these  four 
screens  three  thermometers  were  so  inserted  that  their  bulbs  were 
in  the  center  line  of  the  l^-inch  holes.  The  object  of  these  screens 
was  to  partly  confine  the  air  around  the  bulbs  of  the  thermometers 
in  order  that  its  temperature  could  be  more  accurately  measured. 
The  two  screens  nearest  to  the  furnace  and  the  two  nearest  to  the 
boiler  each  had  thirty-two  J-inch  holes  so  drilled  that  the  thermome- 
ters were  perfectly  screened  from  direct  radiation  from  either  the 
boiler  or  the  furnace.  A  similar  arrangement  was  employed  for 
•obtaining  the  temperature  of  the  air  leaving  the  boiler.  Tubes  for 
measuring  ''drafts"  were  inserted  on  both  sides  of  the  boiler  between 
the  boiler  head  and  the  first  screen.  The  front  of  the  furnace  was 
also  screened  from  radiating  heat  to  tho  outside.  Both  of  the  boiler 
heads  were  covered  with  J-inch  asbestos  paper  and  slate,  so  that  only 
the  heating  surface  of  the  flues  was  effective.  In  figure  3  the  path 
of  the  air  through  the  apparatus  is  indicated  by  the  arrow-heads. 
The  boiler  was  fed  with  distilled  water  obtained  by  condensing  steam 
from  the  main  boiler  of  tho  plant. 

METHOD   OF   CONDUCTING  EXPERIMENTS. 

Before  starting  a  test  the  apparatus  was  brought  to  the  tempera- 
ture at  which  the  test  was  to  be  run.  After  a  test  was  started  all 
conditions  wore  kept  as  nearly  uniform  as  possible.  The  duration 
of  each  test  was  from  30  minutes  to  two  hours.  With  high  pressure 
drops    ("drafts")   and  high  temperatures  the  tests  were  shorter, 
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because  enough  water  was  evaporated  in  the  shorter  time  to  make 
the  tests  as  accurate  as  a  two-hour  test  with  the  low  pressure  drops 
and   low   temperatures. 

DETERMINATION  OF  THE  HEAT  ABSORBED  BY  THE  BOILERS. 

The  heat  absorbed  by  the  boilers  was  calculated  from  the  water 
evaporated,  which  was  condensed  and  accurately  measured.  No 
attempt  was  ever  made  to  correct  for  moisture  in  the  steam. 

TEMPERATL'RES. 

Temperatures  up  to  700°  F.  were  measured  with  mercurial  ther- 
mometers, wliich  were  compared  with  a  standard  thermometer  cali- 
brated by  the  Bureau  of  Standards  in  Washington.  Temperatures 
above  700°  F.  were  measured  by  exposed  platinum  and  platinum- 
rhodium  thermocouples  which  were  calibrated  by  means  of  the 
known  melting  points  of  pure  metallic  silver,  barium  nitrate,  potas- 
sium chloride,  and  calcium  chloride;  the  point  of  700°  F.  was  deter- 
mined by  direct  comparison  with  a  mercurial  thermometer  immersed 
in  an  oil  bath. 

Although  great  care  w^as  taken  in  placing  and  screening  the  ther- 
mometers and  the  thermocouples,  considerable  difficulty  was  experi- 
enced in  measuring  the  initial  and  final  temperatures  of  the  air. 
With  the  initial  temperatures  of  1,200°  F.  and  1,500°  F.,  the  three 
thermocouples  would  at  times  read  as  much  as  100°  F.  apart,  and 
for  no  apparent  reason.  Generally  the  thermocouple  closest  to  the 
furnace  read  higher  than  the  other  two.  The  only  reasonable  expla- 
nation of  this  fact  was  that  in  spite  of  the  screens  this  thermocouple 
received  some  heat  by  radiation  from  the  furnace,  whereas  the  one 
nearest  to  the  boiler  lost  some  heat  by  radiation  to  the  boiler.  The 
readings  also  differed  considerably  if  the  thermometers  or  thermo- 
couples were  slightly  displaced.  The  thermometers  on  the  side  of 
the  leaving  gas  read  from  10°  F.  to  20°  F.  apart.  It  was  difficult  to 
come  to  any  conclusion  as  to  which  of  the  thermometers  or  thermo- 
couples were  right  and  which  were  wrong,  and  it  was  thought  best  to 
take  the  average  of  the  three  readings  at  either  end.  The  many 
difficulties  met  in  measuring  the  temperature  made  the  men  conduct- 
ing the  experiments  realize  that  measuring  the  temperature  of  per- 
manent gases  requires  great  skill. 

EXTENT    OF   THE    EXPERIMENTS. 

Three  to  five  series  of  tests  were  run  with  each  boiler.  The  initial 
temperatures  were  nearly  the  same  in  all  the  tests  of  each  series. 
Each  series  consisted  of  15  to  30  tests,  which  w^ere  run  with  different 
pressure  drops.     Thus  the  tests  in  each  series  show  how  the  velocity 
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of  tlio  nir  pjissiii;^  nloFi^  Un)  ImmiI/im^  smfucc^  ji(r(H',(,M  i]n)  niii)  of  liciiL 
iibsoipljoii;  tlio  (linoi(Mit  siwics  of  t(^sts  willi  tlio  Huino  l>oil(u*  hliovv 
(lio  oIlocL  of  tlu^  iiiiliid  IcMiiponitiim;  and  tlio  IjwIh  witli  dinorcnt 
boilers  givo  tho  infliioiic-o  of  tho  diainotor  and  (Ik^  J(uigtli  of  tlio  flues. 

DATA    TAKKN    ])URIN(J    EXPERIMKNTH. 

In  nil  tho  tests  iiiado  iho  follovviii<^  toinporaturo  roadin<^s,  on  tlio 
ordinary  Fahroiduvit  scale,  were  tjikcMi. 

i^a  =  toinperatiiro  of  air  ontorinjj;  furnace. 
T  =  teni])eratTiro  of  air  entei-iiifj;  boiler  (initial  temperature). 
</  =  temperature  of  air  leaving  boiler. 
^5  =  temperature  of  steam. 
t^  =  temperature  of  feed  water. 
Also  tho  following: 

cZ  =  pressure  of  air  entering  boiler,  measured  in  inches  of  water. 
D  =  pressure  of  air  leaving  boiler,  measured  in  inches  of  water. 
W  =  water  condensed  measured  in  cid)ic  centimeters  and  reduced 

to  pounds  for  calculations. 
E  =  electrical  energy,  in  watt-hours,  consumed  during  test. 

METHOD   OF   CALCULATION. 

The  weight  of  air,"  M,  passing  through  the  boiler  per  second  is 
obtained  from  the  equation: 

W[965.7  +  (t,  -  tj]  =  0.2375M(T  -  tf) 

W[965.7  +  0,-U] 


Henco  M  = 


0.2375  (T-^/) 


The  volume,  V,  of  the  air  entering  the  boiler  is  determined  from 
the  relation  based  on  the  fundamental  properties  of  permanent  gases, 
that 

V       _T  +  461 
12.387M~     493 

TT         -XT     (T  +  461)X12.887M 
Hence  V  =  j^^ 

and  the  velocity,  v,  of  the  air  entering  the  boiler  is 

Vxl44 


v  = 


nd^  X0.7S54: 


where  d  is  the  internal  diameter  expressed  in  inches,  and  n  the  num- 
ber of  flues  in  the  boiler. 

oin  all  calculations  no  account  was  taken  of  the  moisture  in  the  atmosphere. 
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If,  in  the  calculation  above  indicated,  W  is  reduced  to  water 
evaporated  per  second,  then  the  velocity,  v,  is  in  feet  per  second. 
The  heat  absorbed  ])y  the  boiler  per  second  is  given  by  the  equation 

n  =  W[965.7  +  a.-U] 

where  W  is  expressed  in  pounds  of  water  evaporated  per  second. 
The  true  boiler  efficiency,  E4,  is  given  by  the  ratio 

Heat  absorbed  by  boiler 
Heat  available  for  boiler 

and  is  computed  by  the  equation 

The  true  boiler  efficiency  was  also  computed  from  the  heat  supplied 
by  the  electrical  energy.  However,  the  efficiency  so  calculated  was 
less  consistent  than  that  calculated  in  the  manner  outlined  above. 
This  was  probably  on  account  of  the  variation  in  the  quantity  of  heat 
lost  by  radiation. 

RESULTS  OF  EXPERIMENTS. 

Tables  2,  3,  4,  and  5  give  the  data  and  results  of  all  reliable  tests 
made  on  the  small  boilers  described.  In  these  tables  the  figures  at  the 
tops  of  the  temperature  columns  indicate  the  positions  of  the  ther- 
mometers as  shown  in  figcure  3. 
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INTERRELATION  OF   DATA   AND   RESULTS. 

l^^i<^iiix\s  4  to  ()3  luivd  IxMMi  j)l}Lt(.(^(l  to  bIiow  <i;raj)liicHlly  tli«  ic^ntioiifl 
botvv(M^ii  tli()  VJirioiKS  items  of  tho  <)bs(5rv(ul  dnin  of  tlio  (^X|)(Miiii(!iitH, 
and  also  tho  relations  of  tlio  obsorvml  data  to  tlio  calculatcul  results. 
Tho  fact  tliat  in  sonu^  of  tho  li<i;iiros  tho  points  do  not  lio  closo  to  tho 
smootli  curvo  i)assod  tliroii<^h  thoni  may  bo  accountcMl  for  by  orrors 
ill  toin})oraturo  luoasuronioiits,  and  by  sn«;ht  variations  of  tlio  initial 
toniponituro  from  tlio  constant  iij^uro  intciukid. 

Tho  worst  errors  in  temporaturo  rea(hn<i;s  may  amount  to  5  i)er 
cent  of  tho  tcmperaturo  recorded.  These  orrors  were  not  duo  to 
incorrect  instruments,  but  rather  to  tlio  location  of  tho  thermomcv- 
ters  or  tlio  junctions  of  tlio  thermocou])les,  and  to  tho  influence  of 
radiation  on  tho  instruments.  AIthou<j^h  the  three  thermocoui)le3 
and  thormomotors  used  for  measurements  of  tho  initial  and  fmal 
temperatures  wero  within  1  inch  of  one  another  and  were  screened 
from  the  boiler  and  tlie  furnace,  their  readings  differed  at  times 
as  much  as  50°  F.  at  high  initial  temperatures.  Tliis  discrepancy 
in  temperature  readings  varied  with  the  velocity  of  the  air  flowing 
through  the  apparatus,   becoming  less  as  the  velocity  increased. 

The  average  initial  temperatures  of  individual  tests  in  each  series 
varied  about  3  to  6  per  cent  on  either  side  of  their  intended  constant 
values.  The  variations  crept  in  notwithstanding  tho  precautions 
taken  to  get  the  temperatures  constant.  The  cause  of  this  trouble 
seems  to  have  been  the  high  heat  capacity  of  the  furnace,  although 
the  latter  was  built  as  compactly  as  possible.  When,  in  the  case  of 
the  liigher  temperatures,  the  current  in  the  furnace  was  reduced, 
the  temperature  stayed  up  for  some  time  after  the  reduction  of  the 
current,  and  sometimes  even  continued  to  rise  for  a  minute  or  two. 

RELATION  OF  THE  INITIAL  VELOCITY  OF  THE  AIR  TO  THE  RATE  OF  HEAT 
ABSORPTION    AND   TO   THE    TRUE    BOILER   EFFICIENCY. 

In  figures  4  to  7  the  upper  sets  of  curves  show  the  relation  of  the 
initial  velocity  of  the  air  to  the  rate  of  heat  absorption,  and  the 
lower  sets  of  curves  the  relation  of  the  initial  velocity  to  the  true 
boiler  efficiency.  Figure  4  shows  these  relations  for  boiler  No.  1, 
figure  5  for  boiler  No.  2,  figure  6  for  boiler  No.  3,  and  figure  7  for 
boiler  No.  4.  Each  curve  on  the  charts  is  drawn  through  a  group 
of  points  representing  tests  at  a  constant  initial  temperature,  as 
indicated  by  the  figure  near  each  curve.  The  initial  velocity  is  the 
calculated  velocity  of  the  air  as  it  enters  the  flues  of  the  boiler. 

The  upper  sets  of  curves  of  all  four  figures  indicate  that  the 
quantity  of  heat  absorbed  by  each  boiler  per  second  increases  almost 
directly  with  the  initial  velocity  of  the  air.     In  each  figure  tlie  tests 
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luiviiij];  Tiojiily  llio  samo  initial  Icmporature  fall  along  the  same 
smooth  curve,  which  is  almost  a  straight  line. 

The  lower  sets  of  curves  of  all  four  figures  indicate,  in  general, 
that,  as  the  initial  velocity  of  air  increases,  the  true  boiler  efficiency 
drops,  at  first  very  rapidly;  and  then,  after  a  certain  velocity  is 
reached,  it  becomes  nearly  constant  for  tests  with  low  initial  tempera- 
tures, and  varies  but  little  for  those  with  higher  initial  temperatures. 

As  an  illustration  of  a  rather  small  variation  in  true  boiler  efhciency 
for  a  considerable  range  in  capacity,  the  results  of  two  sets  of  tests 
made  on  boiler  No.  2  are  given  (fig.  5).  Taking  the  initial  tempera- 
ture of  1,200°  F.  and  the  initial  velocity  of  85  feet  per  second,  the 
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Figure  4.— Relation  of  velocity  of  air  entering  boiler  to  rate  of  heat  absorption  and  the  true  boiler 

efficiency.    Boiler  No.  1. 

true  boiler  efficiency  is  70  per  cent,  and  the  rate  of  heat  absorption 
about  0.96  B.  t.  u.  per  second.  Then,  taking  the  same  initial  tempera- 
ture, but  an  initial  velocity  of  335  feet  per  second,  the  true  boiler 
efficiency  is  about  61.2  per  cent,  and  the  rate  of  heat  absorption 
3.3  B.  t.  u.  per  second.  In  the  latter  case  the  capacity  has  been 
increased  3.48  times,  whereas  the  efficiency  has  dropped  only  8.8 
per  cent,  or  12.6  per  cent  of  itself. 

For  any  boiler  and  any  initial  temperature  the  velocity  at  which 
the  true  boiler  efficiency  curve  becomes  nearly  horizontal  is  perhaps 
approximately  the  velocity  at  which  eddying  of  the  gas  appears; 
this  is  termed  by  physicists  the  critical  velocity.  Up  to  this  critical 
velocity  the  stream  lines  of  the  air  flowing  through  the  tubes  remain 
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pilnlIl(^l  1()  (Mich  (>ili(H-,  tliJiL  is,  tlicrt^  is  iio  oIIhu-  inixiii;^  of  Iho  uii- 
tluiii  Iho  initiinil  (Ud'usioii.  Uiidc^-  tlioHO  c.ondilioiis  llio  air  lu^ir 
tlio  mo(;il,  jilroady  coohul,  toiida  to  Hlay  tluM-(%  uiid  tlio  air  lumr  tlio 
editor  of  tlio  tul)o,  still  liot,  coiitiiiuos  to  flow  tlirou^^h  tlio  coutor 
without  havin<^  a  chaiico  to  como  iioar  and  ^ivo  up  Jioat  to  tho  luclal 
of  tlio  tube.  TTowovor,  as  soon  as  tlio  critical  velocity  of  tho  air  is 
roachod  tlio  ])arallcl  s<i-(Minis  !)rojik  up  and  tluuci  is  a  constant  intor- 
cliango  of  tho  pniticlcs  of  gas  uoxt  to  tho  niotal  and  thoso  near  the 


40  80  120  160  200  240  280.  320 

CALCULATED   INITIAL  VELOCITY  OF  AIR  ENTERING  BOILER.  FEET  PER  SECOND 


360 


400 


Figure  5.— Relation  of  velocity  of  air  entering  boiler  to  rate  of  heat  absorption  and  the  true  boiler 

efficiency.    Boiler  No.  2. 

center  of  the  flues,  so  that  the  molecules  alternately  approach  the 
metal  and  give  it  their  heat  energy. 

As  shown  by  the  curves,  the  critical  velocity  varies  with  the 
initial  temperature  of  the  air;  the  higher  the  initial  temperature, 
the  higiier  the  critical  velocity.  With  high  initial  temperature  the 
critical  velocity  is  not  so  well  defined  as  it  is  with  initial  tempera- 
tures of  500°  and  700°  F.  For  very  high  initial  temperatures,  such 
as  are  sometimes  used  in  boiler  practice  (2,500°  to  3,000°  F.)  the 
bend  in  the  curve  probably  extends  over  a  considerable  range  of  veloc- 
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ity;  Jience  it  is  i)ossiblo  that  in  sucli  cases  the  boiler  never  works  on 
the  liorizontal  ])ortion  of  the  curve. 

By  comparing  the  lower  sets  of  curves  of  figures  4  to  7,  it  is  apparent 
that  the  critical  velocity  varies  also  with  the  diameter  of  the  flues 
but  apparently  not  with  their  length. 

Although  with  low  initial  temperatures  the  parts  of  the  true  boiler 
efficiency  curves  beyond  the  critical-velocity  point  is  almost  perfectly 
horizontal,  with  high  initial  temperatures  the  drop  seems  to  be  con- 
stant even  beyond  this  point.     This  drop  in  the  efficiency  can  be 
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Figure  6.— Relation  of  velocity  of  air  entering  boiler  to  rate  of  heat  absorption  and  the  true  boiler 

efaciency.    Boiler  No.  3. 

explained  by  the  increased  rate  of  heat  absorption.  With  the  same 
conditions  of  the  heating  plate  the  quantity  of  heat  transmitted 
through  the  plate  in  a  unit  of  time  depends  upon  the  temperature 
difference  between  the  dry  and  the  wet  surface.  The  only  way  in 
which  this  temperature  difference  can  be  increased  is  by  raising  the 
temperature  of  the  dry  surface.  The  dry  surface,  however,  cools  the 
moving  gases;  therefore,  if  the  temperature  of  the  dry  surface  is 
raised  the  gases  leave  the  boiler  at  a  relatively  higher  temperature 
than  if  the  rate  of  heat  absorption  is  lower;  hence  the  true  boiler 
efficiency  is  lower. 
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Tli(^  lower  Rot  of  curves  of  (i<^uro  (>  hIiowh  ono  vory  peculiar  feature 
As  the  initial  V(^lociiy  of  llu^  air  incn^aseM,  tlu^  truc^  boiler  eflicieiicy 
at  first  drops  rather  rapidly,  llieii  rises  2  or  'A  ])er  er^rit,  and  then 
remains  nearly  constant  lor  a  considc^rahle  rari^e  of  inilial  vcdoeity. 
As  this  (U^pression  in  tlu^  curves  was  dillicult  to  exj)lain,  the  ther- 
mometers were  taken  out  of  the  aj)paratua,  very  carefully  f)ut  in 
again  to  the  right  depth,  and  check  tests  run.     The  results  of  tliese 
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check  tests,  however,  came  very  close  to  the  results  of  the  tests  run 
before. 

There  is  one  mdication  m  the  efficiency  curves  that  deserves  par- 
ticular attention;  this  is  that  for  any  one  boiler  the  true  boiler 
efficiency,  after  the  gases  have  passed  the  critical  velocity,  is  very 
nearly  the  same  for  all  initial  temperatures.  It  may  be  stated,  then, 
that  the  true  boiler  efficiency  of  any  one  loiler  is  practically  independent 
of  the  initial  temperature  of  the  gases. 


46 


TTTE   TKANS.MTSSTOX    OF   HEAT  INTO   STEAM    BOILERS. 


7X> 

— 

— 



— 

— 

— 

— 

— 

—~ 

"~ 

— 

■"" 

— 1 

" 

^" 

"~ 

^  - 

i 

■^ 

~~' 

"^ 

_-• 

~~ 

.<^^ 

_ 

H 

'^~" 

~~ 

tJ 

P 

, 

(0     1  c 

— 

~" 

.cr 

.    15 

' 

~ 

"~ 

~ 

2 

_^^^ 

1 

J.<^. 

— 

z 
o 

^' 

' 

'~ 

^ 

V- 

,.0^ 

^j 

1 

. 

O 

^ 

7^ 

^■^ 

<0 

^ 

^^<d^ 

J^ 

U       1   n 

— 

— 

— 

-~ 

— 

— H 

y 

^ 

^ 

«  \ 

C^- 

c    1.0 

~~ 

' 

' 

<.^ 

^ 

. — 1 — 

V/u 

o 

~ 

' 

"~ 

^ 

^ 

^ 

- 

A 

£.v-^ 

L_ 

_ 

CD 

~ 

~ 

^ 

^ 

f^ 

- 

r. 

fe^ 

_ 

O 

CO 

— 

^ 

^ 

',\ 

cvOC\^''" 

<          r 

~ 

~ 

~ 

^ 

^ 

^ 

^ 

^ 

euoo 

.5 

1- 

~ 

■~ 

/ 

p 

■^ 

^ 

1 

1 

r  - 

s 



/ 

7^ 

-^ 

,-- 

>^ 

VELOCITY 

40  Ptt 

X 



— 

— 

— ' 

— 

/ 

^ 

/ 

-*- 

::^ 

r: 

— 

"^ 

""" 

~ 

/ 

y 

^ 

^ 

— - 

"^ 

n 

^ 

1 

i 

^ 

-h 

=— 

1 

1 

_ 

_ 

^_ 

_^ 

L 

\ 



1 

1— 

200 


400 


600 


800 


1000 


1200 


1400 


INITIAL  TEMPERATURE  OF  AIR.  »  F. 

Figure  8.— Relation  of  temperature  of  air  entering  boiler  to  rate  of  heat  absorption  when  initial  velocity 

of  air  remains  constant.    Boiler  No.  1. 
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INITIAL  TEMPERATURE  OF  AIR.   °  F. 
Figure  9. — Relation  of  temperature  of  air  entering  boiler  to  rate  of  heat  absorption  when  Initial  velocity 

of  air  remains  constant.    Boiler  No.  2, 
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RELATION       HF/rWKKN       IMIIAL     'IKMIMORAII   KK      AND      RATE     OK      IIKAT 

ARSORITION. 

Fif^'uros  S  lo  I  I  show  the  cUVct,  of  vjirialions  in  llif  inil'ml  iiiii|..i  ;<- 
tiiro  of  air  on  (ho  rato  of  hcjit  uhsorption  when  lh(^  inilinl  vdocily 
of  tho  air  nMiiaiiis  constaiif.  Ki<,nin>  S  shows  tliis  ('(feci  for  lioilcr 
No.  l,fi<^un>9  f()r])oil(TNo.  2,  fi«]:iHT,  K)  for  hoilcr  No.  :i,  and  W^uro  11 
for  boiler  No.  4.  Each  curve  pvos  this  ofl'ocl  for  one  constant 
velocity,  as  indicated  by  tlie  fic^ures.  Tlie  points  for  the  curves 
were  obtained  l)y  intcrpohition  from  tlie  upper  curves  of  figures 
4  to  7. 
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FiGUEE  10.— Relation  of  temperature  of  air  entering  boiler  to  rate  of  heat  absorption  when  initial  velocity 

of  air  remains  constant.   Boiler  No.  3. 

The  curves  of  figures  8  to  11  have,  roughly,  a  parabolic  shape. 
They  indicate  that  as  the  initial  temperature  of  the  air  rises  the  rate 
of  heat  absorption  increases,  but  not  in  proportion  to  the  tempera- 
ture. At  lower  temperatures  there  is  a  considerable  increase  in  the 
quantity  of  heat  absorbed  for  each  increment  in  temperature,  but 
as  the  temperature  becomes  higher  the  corresponding  increase  of 
heat  absorbed  for  equal  increments  in  temperature  becomes  less, 
until  probably  at  very  high  temperatures  there  would  be  Httle  or  no 
gain  in  the  rate  of  heat  absorption  from  a  further  rise  of  the  air 
temperature.  This  fact  indicates  that  there  is  another  factor  influ- 
encing the  rate  of  heat  absorption — a  factor  which  varies  inversely 
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as  the  tcmperjitiirc.  This  factor,  the  density  of  the  gas,  will  be  dis- 
cussed more  fully  in  the  general  conclusion  from  these  experiments 
(p.  114). 

RELATION  OF  TTIE  WEIGHT  OF  AIR  PASSING  THROUGH  THE  BOILER  TO 
THE  RATE  OF  HEAT  ABSORPTION  AND  TO  THE  TEMPERATURE  OF  THE 
AIR   LEAVING   THE    BOILER. 

The  upper  sets  of  curves  of  figures  12  to  15  give  the  relation 
between  the  weight  of  air  passing  through  the  boiler  and  the  rate  of 
heat  absorption;  the  lower  sets  give  the  relation  between  this  w^eight 
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Figure  11.— Relation  of  temperature  of  air  entering  boiler  to  rate  of  heat  absorption  when  initial  velocity 

of  air  remains  constant.    Boiler  No.  4. 

of  the  air  and  the  temperature  of  the  air  as  it  leaves  the  boilers. 
Each  curve  is  drawTi  through  points  that  represent  tests  in  which 
the  air  was  kept  at  a  constant  initial  temperature,  as  indicated  by 
the  figures  near  the  curve.  The  number  of  the  boiler  on  w^hich  the 
tests  were  run  is  given  in  the  legend  for  each  figure.  The  weight  of 
air  passing  through  the  boiler  was  calculated  by  the  method  given 
on  page  31. 

The  upper  sets  of  all  four  figures  show  that  the  quantity  of  heat 
absorbed  by  any  one  of  the  four  boilers  increases  almost  in  direct 
proportion  to  the  weight  of  air  passing  through  the  boiler.     This  is 
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an  jniportniil.  n^Ialiori  ihul  cnii  Ixi  uschI  to  adviintaj^o  in  Htcam-bojlor 

A  boihu'c-an  Ixi  niadc^  to  n^spond  to  an  incnMiscul  dcimand  forfltoam 
by  incroasin^  i\w  wci^hl  of  liot  ^as  passing  throu^li  it.  Moro  hot 
<jjas(',an  bo  produced  if  iho  ratoof  (•,ond)nstion  is  incn^ascul.  Of  courHc^, 
to  |)ui  a  bu'<^(M*  wc^i^lit  of  ^as  throuj^h  a  boiler,  tho  difr(^r('nc(^  betwcion 
tlio  ^as  pn^ssurcs  at  tlio  two  ends  of  the  boiler  must  b(^  iriereas(;d. 
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AIR  PASSING  THROUGH  BOILER  PER  SECOND.  POUNDS 

FiGUBE  12. — Relation  of  the  weight  of  air  passing  through  boiler  to  the  rate  of  heat  absorption  and  the 

temperature  of  air  leaving  boiler.    BoUer  No.  1. 

The  lower  sets  of  curves  of  figures  12  to  15  show,  for  every  group 
of  tests  in  which  initial  temperature  of  the  air  was  constant,  that  as 
the  weight  of  air  passing  through  the  boiler  increases  the  temperature 
of  the  air  leaving  the  boiler  rises,  at  first  very  rapidly,  then  less  and 
less  so,  until  after  a  certain  value  of  the  weight  of  air  is  reached  the 
temperature  remains  nearly  constant.  Especially  is  this  true  for 
tests  in  which  the  initial  temperature  of  the  air  was  low. 

The  curves  of  final  temperatures  for  boiler  No.  3  (fig.  14)  make 
apparent  in  another  way  the  same  pecuHarity  of  this  boiler  that  was 
shown  in  figure  6  by  the  true  boiler  efficiency  curves,  this  pecuHarity 
57537°— Bull.  18—12 i 
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being  that  after  the  leaving  temperatures  had  risen  to  a  maximum 
they  dropped  20°  or  30°,  and  then  became  nearly  constant. 

As  stated  before,  check  tests  persistently  showed  the  hump  in  the 
curves  for  those  particular  values  of  the  weight  of  air.  No  explana- 
tion of  this  feature  can  be  offered  at  present. 
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RELATION  OF  TRUE  BOILER  EFFICIENCY  TO  THE  DIMENSIONS  OF  FLUES 


Comparison  of  the  true  boiler  efficiency  of  the  tests  made  with  the 
first  four  boilers  brings  out  the  fact  that  the  tests  with  boiler  No.  3 
have  a  higher  true  boiler  efficiency  than  those  with  boiler  No.  1,  that 
the  tests  with  boiler  No.  1  have  a  higher  true  boiler  efficiency  than 
those  with  boiler  No.  2,  and  that  those  made  with  boiler  No.  2  have 
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a  liijjjlio.r  triio  ])()il(M*  <^Hic.i(Wi(y  tliiin  l.Ji(>s<<  imidc,  willi  l)<>il(;r  No.  4. 
TJuis  tli(^  uv<^^l<^(^  of  {\w  triK^  hoihu-  (^(li('i<'<nc,i(!S  for  hoilcr  Xo.  .'i  in 
about  SS  \wv  ('(^nl,  for  hoihu*  No.  I  ahoiit  7S  por  cAmi,  for  boih^r  No.  2 
about  (>G  |)or  coiit,  and  that  for  boiler  No.  1  about  r>(>  por  cent. 

Boilca-s  Nos.  2  and  4  W(U'(^  of  tlu^  sanu^  b^n^tli  as  l>oilor  No.  1,  but 
thoir  fluos  woro  bir^c^r  in  diauK^tor  than  thoso  of  ])()jh5r  No.  1 .  It  may 
bo  said,  tlion,  that  if  tlic^  Icji^^tli  of  th(i  flu(^H  is  c.onstant,  tlio  truo 
boilor  odicioncy  (h'ops  when  IIk^  diameter  of  1h(^  fhios  is  incniascul. 


~W2  ^505"     '     '  .666 '     '     T368  loTo  F2  :oT4  iOT6  STS  320 

/UR  PASSING  THROUGH  BOILER  PER  SECOND,  POUNDS 

Figure  14.— Relation  of  the  weight  of  air  passing  through  boiler  to  the  rate  of  heat  absorption  and  the 

temperature  of  air  leaving  boiler.    Boiler  No.  3. 

As  only  three  different  diameters  of  flues  were  tested,  no  exact  relation 
can  be  deduced  from  the  results  of  the  experiments. 

The  diameter  of  the  flues  of  boiler  No.  3  was  the  same  as  that  of 
the  flues  of  boiler  No.  1,  but  the  former  boiler  was  twice  as  long  as 
the  latter.  It  may  be  said,  therefore,  that  if  the  diameter  of  the 
flues  remains  constant  the  true  boiler  efficiency  increases  with  the 
length  of  the  flues,  although  not  in  direct  ratio.  Each  successive 
equal  increase  in  the  length  of  flues  increases  the  true  boiler  efficiency 
less  than  the  previous  increase. 

Figure  16  shows  further  the  influence  of  the  length  and  the  diame- 
ter of  flues  on  the  true  boiler  efficiency.     The  chart  gives  the  final 
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tomporaturo  for  the  four  boilers  when  the  initial  temperature  was 
900°  F.  and  the  same  weight  of  air  (about  0.01  pound)  passed  through 
each  boiler  per  second.  The  curves  indicate  the  drop  in  temperature 
of  tlie  air  as  it  j)asse(l  through  the  flues.     The  platted  values  of  the 
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final  temperature  of  the  air  have  been  taken  from  the  data  obtained 
in  the  experiments.  The  curves  connecting  these  points  and  repre- 
senting the  temperature  drops  are  only  approximate,  although  they 
are  perhaps  close  to  their  actual  shape.  The  upper  curve  represents 
the  temperature  drop  through  boiler  No.  4  and  the  middle  curve 
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t]ir()ii<:^li  l)()il(4*  No.  2.  'I'li<^  l()W(^r  cuf'vc^  from  0  to  S  irx^lii's  of  llio 
boihw  Hues  n^pn^siMits  i\w  U^i\\\H\vni\\n\  <lro|)  through  boiler  No.  1 ,  Jind 
from  0  lo  l()  iiicluvs  tlu^  droj)  through  hoih^r  No.  .'i.  All  (Uirvc.s  urn 
(Iniwii  asymptotic,  to  tlu^  horizoiitnl  lin(>  r(^|)r(^s(^nt inj^  Htcjim  torn- 
[)oraturo;  that  is  to  say,  il*  the,  linos  (hoihu's)  of  (^itlu^r  (linirK^tcr  wcro 
luado  infinitely  lon^,  tlio  toniporaturc  <»!  lli<^  air  j)assinj^  tliroii^h  tiu^rn 
would  1)0  nHluccul  to  that  of  tho  stoani.  'V\w  chart  shows  that  although 
tho  hu'jjjo  fliK^s  of  boilor  No.  '2  \ui\(s  morc^  lu^atinj^  sui'faco  than  tlu^ 
small  duos  of  boihu*  No.  1,  tlu^  air  comics  cooler  from  tho  smaller  flu(^s 
than  from  tho  hirgor  ones.     This  is  an  important  feature  which  brinj^s 
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DISTANCE  ALONG  BOILER  TUBES,  INCHES 

Figure  16.— Effect  of  the  length  and  the  diameter  of  the  flues  on  the  temperature  of  the  air  leaving  boiler, 

out  the  fact  that  it  is  not  area  hut  arrangement  that  maJces  heating 
surface  efficient. 

The  same  chart  shows  that  increasing  length  of  flues  beyond  a 
reasonable  limit  does  not  pay.  The  double-length  flues  of  boiler  No. 
3  lowered  the  final  temperature  of  the  air  only  about  70°  F.  more  than 
did  the  single-length  flues  of  boiler  No.  1;  or,  boiler  No.  3  absorbed 
only  about  8  per  cent  more  heat  than  boiler  No.  1,  notwithstanding 
the  fact  that  the  former  had  twice  as  much  heating  surface  as  the 
latter. 
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RELATION  OF  THE  EFFECTIVE  PRESSURE  DROP  TO  THE  TRUE  BOILER 
EFFICIENCY  AND  THE  WEIGHT  OF  GASES  PASSING  THROUGH  THE 
BOILERS. 

In  figures  17  to  20  the  lower  curves  show  the  relation  between  the 
pressure  drop  of  the  air  in  passing  through  the  boiler  and  the  weight 
of  the  air  passing  through.  The  upper  sets  of  curves  give  the  rela- 
tion between  the  pressure  drop  and  the  true  boiler  efficiency.     The 
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FiGUBE  17.— Relation  of  the  pressure  drop  of  air  while  passing  through  boiler  to  the  true  boiler  efllciency 
and  the  weight  of  air  passing  through  boiler.    Boiler  No.  1. 

weight  of  air  was  calculated  according  to  the  method  outlined  on 
page  31.  The  pressure  drop  through  the  boiler  is  the  difference 
between  the  pressure  of  the  air  entering  the  boiler  and  that  of  the  air 
leaving  the  boiler,  and  is  commonly  spoken  of  as  the  ''draff  lost  in 
the  boiler. 

The  lower  sets  of  curves  were  platted  as  a  check  on  the  calculated 
velocity  and  weight  of  air  used  in  other  charts  of  this  discussion. 
With  a  constant  initial  temperature,  the  weight  of  air  passing  through 
the  boiler  must  have  some  constant  relation  to  the  difference  of  pres- 
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miro  ftt  tlio  two  onds  ol'  i\u^  iUwH,  'V\w  <'.iiiv<'s  iiidicalc  lluil,  such  a 
relation  (lo(^s  (vxist;  ihoy  Inivc^  ii  slwijx'  similnr  1o  ]>uiji1)o1hs  of  llw^ 
('((nation  if  =  lcx.  VVitli  a  constant  initial  t(un|)(U'atun«-,  lli<^  iniliul 
V(yl()C-ity  vari(^s  diroctly  as  iho.  wci«,'lit  of  nii  passing'  tluon^^'h  tlw;  flii(;H, 
and  tluM-efom  tlu^  saino  relation  exists  bt^wocn   i\w-  inilial  velocity 
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and  the  pressure  drop.  According  to  the  curves  of  figures  17  and  18, 
the  weight  of  air  passing  through  the  flues  of  the  boilers  increases 
also  with  the  initial  temperature,  although  not  in  (iirect  proportion. 
The  air- weight  curves  of  figures  19  and  20,  on  the  contrary,  show 
decreases  of  the  weight  of  air  for  higher  initial  temperatures.  This 
last  feature  is  probably  due  to  the  fact  that  boiler  No.  3  was  twice 
as  long  as  boilers  Nos.  1  and  2 ;  and  in  the  case  of  boiler  No.  4  to  the 


56 


THE   TRANSMISSION   OF   HEAT  INTO   STEAM   BOILERS. 


fact  that  the  sets  of  temperatures  of  700°  and  900°  F.  were  not  really 
200°  F.  apart. 

The  upper  sets  of  curves  of  figures  17  to  20  show  the  effect  of  pres- 
sure drop  on  the  true  boiler  efficiency.  In  shape  the  curves  are 
somewhat  similar  to  the  lower  sets  of  curves  of  figures  4  to  7.  The 
true  boiler  efficiency  decreases  at  first  very  rapidly  when  the  pressure 
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drop  increases,  but  after  the  latter  passes  a  certain  value,  which  is 
different  for  each  boiler,  the  efficiency  remains  nearly  constant  for 
the  full  range  of  the  experiments.  The  slight  continual  drop  beyond 
the  bends  in  the  efficiency  curves  of  the  higher  initial  temperatures 
may  be  accounted  for  by  the  rapidly  increasing  capacity,  as  explained 
in  connection  with  figures  4  to  7. 
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It  may  Ixi  (jiu^siionod  why  at  tlu^  Icft-luind  h'uU*.  of  \\w  fi;^iir<^s  tho 
curves  won^  ])r()]()n^(Ml  lo  n,  point  of  100  per  cont  true  l)oil<^r  viWvAo.ncy 
when  tho  prossuro  dro])  for  llic-  vi^locity  is  zero.  This  was  dono 
bocaiiso  with  no  velocity  the  air  woidd  n'inain  in  llin  hf)il('r  an  irifinito 
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length  of  time,  and  its  temperature  would  finally  be  reduced  to  that 
of  the  steam  in  the  boiler,  making  the  true  boiler  efficiency  equal  to 
100  per  cent. 

The  curves  of  the  lower  set  of  figure  19  show  the  same  pecuHar 
hump  as  the  efficiency  curves  of  figure  6 ;  as  stated  before,  no  explana- 
tion can  be  offered  at  present. 
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RELATION  OF  THE  DIAMETER  OF  FLUES  TO  WEIGHT  OF  AIR  PASSING 
THROUGH  THEM  WHEN  THE  LENGTH  OF  THE  FLUES  IS  CON- 
STANT. 

Comparison  of  tlic  lower  sets  of  curves  of  figures  17  and  18  shows 
that  on  account  of  tlie  flues  being  larger  a  smaller  pressure  drop 
through  boiler  No.  2  is  required  than  tlirough  boiler  No.  1  to  push  the 
same  weight  of  air  at  the  same  initial  temperature  through  both 
boilers.  For  example,  with  an  initial  temperature  of  900°  F.,  a 
pressure  drop  of  4.5  inches  of  water  is  required  to  push  0.075  pound 
of  air  per  second  through  the  flues  of  boiler  No.  1,  whereas  a  pres- 
sure drop  of  only  about  2  inches  is  required  to  push  the  same 
amount  of  air  through  the  flues  of  boiler  No.  2. 

Table  0  shows  that  with  the  same  pressure  drop  the  weight  of  air 
flowing  through  boiler  No.  2  is  about  1.48  times  as  great  as  that 
flowing  through  boiler  No.  1.  This  ratio  is  almost  a  constant  within 
the  range  of  pressure  drops  of  the  experiments.  It  would  seem  that 
this  ratio  should  be  the  same  as,  or  rather  larger  than,  the  ratio  of  the 
area  of  the  flues;  that  is,  since  the  area  of  the  flues  of  boiler  No.  2  is 
1.72  times  the  area  of  the  flues  of  boiler  No.  1,  the  same  pressure  drop 
should  perhaps  push  1.72  times  the  weight  of  air  through  boiler 
No.  2  as  through  boiler  No.  1,  or  even  more,  because  the  velocity  of 
approach  is  higher  for  boiler  No.  2  than  for  No.  1.  However,  the 
ratios  are  not  the  same.  Table  6  shows  that  the  ratio  of  the  weights 
of  air  is  about  14  per  cent  smaller  than  the  ratio  of  the  flue  areas. 
One  rational  explanation  of  the  ratios  not  being  alike  in  this  case  is 
that  the  smaller  flues  absorb  the  heat  and  reduce  the  temperature  of 
the  air  much  sooner  than  do  the  larger  flues,  and  thereby  reduce  the 
volume  and  the  velocity  of  the  air  flowing  through.  As  the  resistance 
due  to  friction  varies  with  the  square  of  the  velocity,  a  comparatively 
small  reduction  of  the  velocity  of  the  air  through  the  smaUer  flues  may 
result  in  a  considerable  decrease  in  the  frictional  resistance. 

Table  7  shows  the  same  characteristic  for  boiler  No.  4  as  Table  6 
does  for  boiler  No.  2 — the  weight  of  air  flowing  through  the  larger 
tubes  of  boiler  No.  4  is  less  than  might  be  expected  from  their 
greater  area.  It  is  not  at  all  certain  that  the  initial  temperatures  of 
900°  F.  in  the  tests  on  this  largest-tubed  boiler  were  close  to  900°  F,; 
but,  on  the  assumption  that  the  temperatures  platted  are  correct,  the 
quantities  of  air  that  flowed  through  this  boiler  under  the  several 
pressure  drops  averaged  2.22  times  the  quantities  that  flowed  through 
boiler  No.  1.  The  area  of  the  larger  tubes  was  2.705  times  that  of 
the  smaUer,  hence  the  quantities  of  air  that  passed  through  the 
former  feU  18  per  cent  short  of  what  might  have  been  anticipated. 

Inasmuch  as  the  tests  with  boiler  No.  4  at  700°  F.  are  more  trust- 
worthy than  those  at  900°  F.,  Table  8  is  presented  for  boilers  1  and 
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4  at  700°  h\  inilial  air  t(un|)(ual  urn.  in  I  his  ciwn  it  tiirn.s  out  that 
the  woij^htH  of  air  llowiii*;  thiouj^h  tho  hii<^(^r  tulx^s  aviira^ii  2.77 
timas  tho  \v(*i;j^h<,s  fl()uin<^  thioujj^h  i\\i)  snuiHci'  ones,  \\h(^n'a.s  th(i  arna 
of  tlio  tulx^a  is  only  2.705  t inuvs  j^rra(<M-;  i\n)  w<5i^hls  of  air  are  th(;ro- 
foro  2.5  ])or  cont  groator  tluiri  ini<.^ht  ]iav(i  Ixm^ii  an(i(;i|)at<i(l. 

Tablo  9  ^ivos  analof2;ous  (hita  for  boihus  Noa.  2  and  1  at  700°  F. 
The  (lata  sliow  that  throu<j:h  an  area  1.02  tiinos  as  f^roat,  1  .S4  tiinos 
as  much  air  flows,  or  13  per  cont  more  air  than  niij^ht  liavo  b(5on 
anti('i|)a<o(l. 

It  is  ])hiiu  that  tho  nuinl)cr  of  sizes  of  tul)cs  used  was  insiifhciiint 
for  dcfinito  dcxluctions.  Also  it  yliould  bo  borno  in  mind  that  tho 
air  when  it  ontorod  the  boiler  tubes  from  tho  electric;  furnac^e  was 
not  quiescent,  but  wjis  movin<jj  more  or  less  rapidly.  Tho  velocity 
of  approach  of  tho  air  as  a  body  toward  tlio  tube  sheet,  therefore, 
was  added  to  the  velocity  that  there  would  have  been  in  the 
entrances  to  the  tubes  if  the  furnace  had  been  of  very  large  volume. 
It  is  evident  that  tho  larger  tho  tubes  the  greater  tho  additional 
velocity  duo  to  the  velocity  of  approach.  As  an  extreme  case,  one 
can  imagine  the  cross  sections  of  the  ten  boiler  tubes  amounting 
to  a  larger  area  than  the  combined  area  of  all  the  holes  in  the 
nearest  asbestos-slate  radiation  screen.  Possibly  in  such  case  the 
velocity  of  approach  might  increase  greatly  the  velocity  of  entrance 
into  the  tubes.  As  a  matter  of  fact,  the  combined  area  of  the  tubes 
of  boiler  No.  4  was  not  far  from  that  of  the  holes  in  the  last 
screen.  However,  tho  above  reasoning  is  presented  mostly  as  a 
suggestion  of  the  pitfalls  for  which  one  must  be  on  the  w^atch  in  simi- 
lar investigations. 

Table  6. — Relation  between  flue  diameters  and  weights  of  air  passing  through  flues y 

with  constant  pressure  drops. 

BOILERS  NOS.l  AND  2. 


Pressure 

drop 

through 

boilers 

(inches  of 

water). 

Weight  of  air  flowing 
through  tubes  per  sec- 
ond, with  all  initial  tem- 
peratures   900"    F. 
(pounds). 

Ratios  of 
weights  of 
air  passing 

through 
boilers  Xos, 

2andl 
Column  3 
Column  2 

Boiler  No.  1. 

Boiler  No.  2. 

1 

2 

3 

4 

2 
4 
6 
8 
10 

0.005 
.007 
.0084 
.0095 
.0101 

0.0077 
.015 
.0125 
.014 
.015 

1.44 
1.50 
1.49 
1.47 
1.48 

Ratio  of  areas  of  boiler  flues=  boiler  No.  2-^ boiler  No.  1=1.72. 
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Table  7. — Relation  between  jlue  diameters  and  weights  of  air  passing  through  flues, 

with  constant  pressure  drops. 

BOILERS  NOS.  1  AND  4. 


Prossuro 

drop 

through 

boilers 

(inches  of 

water). 

Weight  of  air  flowing 
through   tubes  per  sec- 
ond, with  all  initial  tem- 
l)eratures   900°    F. 
(pounds). 

Ratios  of 
weights  of 
air  passing 

through 

boilers  Nos. 

4  and  1 

Column  3 

Column  2 

Boiler  No.  1. 

Boiler  No.  4. 

1 

2 

8 

4 

2 

4 

6 

8 
10 
12 
14 

Average 

0.  oa50 

.0070 
.0084 
.0095 
.0101 
.0113 
.0119 

0.0111 
.  0155 
.0183 
.0208 
.0230 
.0250 
.  0268 

2.22 
2.22 
2.18 
2.19 
2.28 
2.21 
2.25 

2.22 

Ratio  of  areas  of  boiler  flues=  boiler  No.  4-7-boiler  No.  1=2.705. 

Table  8. — Relation  between  flue  diameters  and  weights  of  air  parsing  through  flues^ 

with  constant  pressure  drops. 

BOILERS  NOS.  1  AND  4. 


Pressure 

drop 
through 

boilers 
(inches  of 

water). 

Weight  of  air  flowing 
through  tubes  per  sec- 
ond, with  all  initial  tem- 
peratures   700°    F. 
(poimds). 

Ratios  of 
weights  of 
air  passing 

through 
boilers  Nos. 

4  and  1 
Column  3 
Column  2 

Boiler  No.  1. 

Boiler  No.  4. 

1 

2 

3 

4 

2 

4 

6 

8 
10 
12 
14 

Average 

0.  0049 
.0062 
.0073 
.0084 
.0092 
.0099 
.0106 

0.  0139 
.0177 
.0203 
.0228 
.0250 
.0272 
.0290 

2.84 
2.86 
2.78 
2.72 
2.72 
2.75 
2.74 

2.77 

Ratio  of  areas  of  boiler  flues=boiler  No.  4-J-boiler  No.  1=2.705. 

Table  9. — Relation  between  flue  diameters  and  weights  of  air  passing  through  flues, 

with  constant  pressure  drops. 

BOILERS  NOS.  2  AND  4. 


Pressure 

drop 
through 

boilers 
(inches  of 

water). 

Weight  of  air  flowing 
through  tubes  per  sec- 
ond, with  all  initial  tem- 
peratures   700°   F. 
(pounds). 

Ratios  of 
weights  of 
air  passing 

through 
boilers  Nos. 

4  and  2 
Column  3 
Column  2 

Boiler  No.  2. 

Boiler  No.  4. 

1 

2 

3 

4 

2 

4 

6 

8 
10 
12 
14 

Average 

0.0074 
.0097 
.0113 
.0128 
.0137 
.0145 
.0153 

0. 0139 
.0177 
.0203 
.0228 
.0250 
.0272 
.0290 

1.88 
1.82 
1.80 
1.78 
1.83 
1.87 
1.90 

1.84 

Ratio  of  areas  of  boiler  flues=  boiler  No.  4-j-boil«r  No.  2=  1.62. 
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RELATION  OF  THK  IJCNdTM  OI-'  IIIK  l'LUK8  TO  TIIIO  WKKJIIT  OF  THK  Allt 
rASHIN(J  TllltOUdll  WIIKN  TIIF  DlAMF/lFIt  OF  THK  FLUES  IH  CON- 
STANT. 

(yompiuison  of  tlioJowiM'HotH  of  cinNi'sof  fi^iir<^s  17  imd  IOkIiowh  tluit 
a  jj^ivon  prossuro  drop  ])iisIhih  iH^iily  tli(>  hiuiio  w(4<;lit  of  aii-  t]ii'oii<(li 
tho  lO-iiicli  lis  lliroii<]jli  tho  .S-iiicli  l)oil(M-.  At  first  this  fiict  iiuiy,  p(5r- 
luips,  1)0  sui-prisiii<j^.  Siiico  tho  l(Mi<^tli  of  tho  Ihios  in  hoihu*  No.  .'i  is 
(loubh^  that  of  tho  fhi<\s  in  hoilor  No.  1,  oiio  would  (^x|)cct  tliat  th(; 
rosistaiico  to  air  How  of  boilor  No.  3  would  bo  about  twioo  tlio  rosist- 
anco  of  boilor  No.  1.  Probably  tlio  rosistanco  would  bo  nearly  twice 
as  fijroat  if  tho  How  of  air  woro  isothermal. 

The  results  of  experiments  by  tlio  authors  on  the  flow  of  air  throu<^]i 
beds  of  shot  show  that  witli  constant  pressure  drop  tho  wei<^ht  of  air 
j)asshi<jj  throu<i;h  a  bed  is  inversely  ])ro])orti()nal  to  the  tliickness  of  the 
bed."  In  those  experiments  tlio  authors  took  tho  sim])lest  case  of  the 
j)roblem,  that  of  isothermal  flow,  in  order  to  avoid  complications  in 
deducing  the  fundamental  j)rinciples. 

In  the  experiments  with  small  boilers,  however,  the  flow  is  not 
isothermal,  because  heat  is  being  absorbed  by  the  flues  and  the  tempera- 
ture of  tlie  air  drops  as  the  air  flows  through  the  tubes.  This  lower- 
ing of  the  temperature  of  the  flowing  air  reduces  its  volume  and  its 
velocity.  As  the  frictional  resistance  to  the  flow  of  gas  through  a 
cylindrical  tube  is  proportional  to  the  density  and  to  the  square  of  the 
velocity,  it  is  easy  to  realize  how  the  resistance  of  each  successive  por- 
tion of  the  boiler  flue  becomes  less. 

The  relative  resistances  of  the  first  8  inches  and  the  last  8  inches  of 
a  flue  of  boiler  No.  3  can  be  approximately  figured  as  follows: 

Assuming  an  initial  temperature  of  900°  F.  and  a  temperature  drop 
through  the  tube  similar  to  that  shown  by  the  lower  curve  of  figure  16, 
one  finds  the  average  temperature  of  the  air  wliile  passing  through 
the  first  8  inches  to  be  about  630°  F.,  or  1,090°  F.  absolute,  and  about 
320°  F.,  or  780°  F.  absolute,  wliile  passing  through  the  last  8  inches 
of  the  flues.  The  average  volumes  and,  therefore,  the  average  veloci- 
ties of  the  air  in  the  two  portions  of  the  flues  are  proportional  to  these 
absolute  temperatures. 

The  relative  frictional  resistances  in  the  two  halves  of  the  flue,  so 
far  as  the  velocity  factor  is  concerned,  are  then  approximately  as 
1,090^  to  780^.  But  the  friction  is  also  proportional  to  the  density, 
which  is  inversely  proportional  to  the  absolute  temperature.  There- 
fore, one  may  say  that  the  friction  in  the  first  haK  is  to  that  in  the 
second  half  of  the  tube  as  1,0902-^-1,090  is  to  7802-f-780,  or  as  1,090 
is  to  780;  780  is  71.5  per  cent  of  1,090.  The  above  reasoning  takes 
into  account  only  the  effect  due  to  the  cooling  of  the  air.     Undoubt- 

a  See  Bull.  21,  Bureau  of  Mines,  The  significance  of  drafts  in  steam-boiler  practice,  p.  31. 
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edly,  at  tho  entrances  of  tlio  air  into  the  tubes  there  is  some  kind  of 
''vena  contracta"  effect,  which  further  increases  the  resistance  of  the 
first  half  of  the  flues;  there  is  also  a  loss  of  head  on  the  sudden  expan- 
sion of  the  air  in  leaving  tlie  tubes. 

If  (the  reader  will  please  bear  in  mind  the  if)  the  total  resistance  to 
the  flow  of  air  is  inversely  proportional  to  the  weight  of  air  flowing 
through  the  flues  with  any  given  pressure  drop,  the  resistances  of  the 
8-inch  and  the  16-inch  flues  can  be  approximated  by  means  of  figures 
17  and  19,  in  the  following  manner: 

With  a  4-inch  pressure  drop  and  an  initial  temperature  of  900°  F. 
the  weight  of  air  flowing  through  the  8-inch  boiler,  according  to 
figure  17,  is  0.007  pound  per  second;  under  the  same  conditions  the 
weight  flowing  through  the  16-inch  boiler,  according  to  figure  19,  is 
about  0.0058  pound.  The  ratio  of  the  two  weights  is  0.007 -^ 0.0058  = 
1.20;  hence,  that  if  the  total  resistance  of  the  8-inch  boiler  is  1  the 
total  resistance  of  the  16-inch  boiler  is  1.20. 


Table  10. — Comparative  weights  of  air  flowing  through  two  boilers  with  flues  of  the  same 

diameter  hut  of  different  lengths. 

[Initial  temperature,  900°  F.] 


Weight  of  air  flowing 

Ratios  of  the 

through- 

weights  of  air. 

Pressure  drop 

(inches 
water). 

Boiler  No.  1 

Boiler  No.  3 

Boiler  No.  1, 

(flues  8  inches 

(flues  16 

long). 

inches  long). 

Boiler  No.  3. 

Pounds. 

Pounds. 

2 

0. 0050 

0. 0040 

1.25 

4 

.0070 

.0059 

1.20 

6 

.0084 

.0070 

1.19 

8 

.0095 

.0080 

1.19 

10 

.0104 

.0090 

1.15 

12 

.0112 

.0101 

1.10 

These  ratios  have  been  figured  for  six  different  pressure  drops, 
the  approximate  values  of  the  weights  of  air  as  obtained  from  figures 
17  and  19  being  used,  and  are  given  in  Table  10.  As  the  table  shows, 
the  ratio  decreases  when  the  pressure  drop  increases.  This  fact 
seems  to  indicate  that  as  the  pressure  drop  increases  the  resistance 
due  to  the  length  of  the  flue  decreases,  while  the  resistance  at  the 
entrance  of  the  flues  remains  about  the  same  or  perhaps  increases, 
the  result  being  that  the  total  resistance  of  the  16-inch  flues  gradually 
approaches  that  of  the  8-inch  flues. 

The  following  deduction  may  be  drawn: 

In  the  flow  of  gas  through  boiler  flues  much  of  the  resistance 
seems  to  be  at  the  entrance  of  the  gas  into  the  flue.  Increasing 
the  length  of  the  flue  increases  the  resistance  but  little. 


KXI'KKIMKN'IS    VV  I'l  1 1    SMALL    M  I !  I/II'IU  liU  J  .A  It    llOII>l.ltS. 


(;;i 


RELATION     OF    'UNO     JtATK    Ol'     HKAT    AHSOItlTlON    TO     llli:     i'KKHHUUK 
DUOr     WliKN     TIIK     IMIL\[.    TLMJ'KKATUUK     ItlCMAINS     CONSTANT. 

Figiin^s  'Jl  to  25  show  tho  rolatioii  l)otw(M^ii  Uut  i^WorXiyo  j)roH8uro 
(Iroj)  tlir()U<^Ii   llu^  l)<)iI(M's  and   lll<^  ra((^  of  lic.at  uhHorption. 

Kiu']\  fi<^iir(^  ^dvcs  this  n^ln,!  ioii  for  oiio  coiisiaiit  initial  tciiijxTaturo, 
and  tho  ciirvo  for  (mcIi  boiler  is  iiidicatod  by  niimb(T.     ]>y  cfrcclivo 
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FiGUKE  '2L— lloat  (B.  t.  u.)  absorbed  per  second  by  each  of  two  boilers,  as  a  function  of  botli  the  pressure 
drops  through  tho  boilers  and  the  square  roots  of  these  pressure  drops.  All  points  for  initial  temperatures 
of  500°  F. 

pressure  drop  is  meant  the  difTerence  between  tlie  air  pressures  at 
the  two  ends  of  the  boiler.  In  tho  left  half  of  each  figure  the  plain 
pressure  drops  are  used  as  abscissae,  in  the  right-hand  portion  the 
square  roots  of  the  effective  pressure  drops  are  so  used.     The  indi- 
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Figure  22.— Heat  (B.  t.  u.)  absorbed  per  second  by  each  of  four  boilers,  as  a  function  of  both  the  pressure 
drops  through  the  boilers  and  the  square  roots  of  these  pressure  drops.  All  points  for  initial  temperatures 
of  700"  F. 

cation  of  the  two  halves  is  much  the  same,  the  only  difference  being 
that  the  curves  on  the  right  are  nearly  straight  lines.  The  object 
of  platting  the  curves  on  the  right  was  to  show  that  since  the  w^eight 
of  air  passing  tlirough  a  boiler  is  nearly  proportional  to  the  square 
root  of  the  pressure  drop,  the  rate  of  heat  absorption  is  also  nearly 
proportional  to  the  square  root  of  the  pressure  drop. 

The  curves  in  the  left  halves  of  the  figures  are  similar  in  shape 
to  the  lower  curves  of  figures  17  to  20,  wliich  show  that  as  the 
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through  the  boilers  and  the  square  roots  of  these  pressure  drops.    All  points  for  initial  temperatures  of  900°  F. 
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pnwHiin^  drop  'mc-maHm  IIk^  ((miutity  of  li<Mit  iilmorbc^d  riww  nipidly 
at  iirst  and  (Ikmi.  iiioni  slowly.  'V\ni  similarily  of  Mm^  two  hoIh  of 
ciirvos  must  lUMuissarily  follow  from  tli(^  fad  that  tlx^  weight  of  air 
j)assin<j;  ilirou^li  a  hoili^r  aFid  tJu^  rat<^  of  lu^at  absorption  incnwiso 
and  (l(M',r<^aso  to^^(^tlior,  as  stattnl  on  pa^<>  4<S. 

On  comparison  of  iij^iiros  21  to  25,  in  tlio  order  of  tln^  varions  initial 
tomporaturos  ^iv(Mi,  it  will  bo  seen  that  at  th(^  hi^lior  tomj)oraturo8 


•n  "1  a  'QNOoas  aad  aaadosav  i.v3H 
the  rate  of  heat  absorption  increases  much  more  rapidly  for  a  given 
increase  in  pressure  drop  than  for  a  similar  increase  of  the  pressure 
drop  at  lower  temperatures.  This  is  partly  due  to  the  fact  that  at 
the  higher  initial  temperatures  the  same  pressure  drop  pushes 
through  a  larger  weight  of  air;  it  is  chiefly  due,  however,  to  the 
fact  that  1  pound  of  air  holds  more  heat  available  to  the  boiler 
57537°— Bull.  18—12 5 
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at  a  liigli  than  at  a  low  initial  temperature.  Therefore,  the  boiler 
absorbs  more  heat  from  air  at  liigh  than  from  air  at  low  initial 
temperatures. 

A  comparison  of  curves  of  the  same  initial  temperature  for  the 
four  boilers  shows  that  up  to  about  900°  F.  all  curves  except  the 
one  for  boiler  No.  4  are  close  together;  above  that  temperature 
the  curve  of  boiler  No.  2  gains  rapidly  over  that  of  boiler  No.  3. 
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EFFECTIVE   PRESSURE    DROP 

Figure  26.— Influence  of  the  pressure  drops  of  air,  while  passing  through  each  of  two  boilers,  on  the  number 
of  square  feet  of  heating  surface  required  to  deliver  1  boiler  horsepower.  All  points  for  initial  tempera- 
tures 500°  F. 

Tliis  gain  is  due  to  the  fact  that  the  same  pressure  drop  pushes  a 
much  larger  quantity  of  air  tlirough  boiler  No.  2  than  through 
boiler  No.  3,  therefore  the  former  absorbs  more  heat  than  the  latter, 
since  its  efficiency  is  only  about  one-third  lower. 

In  regard  to  the  curves  at  the  right-hand  side  of  the  figures,  one 
can  state  that  when  the  initial  temperature  remains  constant  the 
boiler  capacity  varies  in  almost  direct  proportion  to  the  square  root 
of  the  pressure  drop. 
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RELATION  OF  Till':  NUMHKR  OK  HQirAIlK  FKF/I'  OK  HFOATI.N'fJ  IM.ATK 
(sURFAOF)  KFQUIItFI)  I'FJl  BOII.FIl  lIOItSFI'OWKIt  TO  IIIF  KFFKCH'IVK 
PRESSnUF    DItOP. 

Figiiros  20  and  2S  hr'in^  out  (lio  i^Wort  of  viiriations  in  Urn  proMHuro 
drop  of  air,  wliilo  ])assiii<^  (liroii«^li  oacli  of  two  and  ihvoo  })()iiors, 
on  (li(^  s(iunro  f(H>t  of  licalin^  surfac<^  rocpiircd  p(;r  ])oilor  liorso- 
powrr,  for  initial  air  tonipoinl  inc^^  of  500°  and  700°  V.,  rospoctivoly. 
Fiii:uies  27  and  29  are 
analogous  charts, 
which  brin*;  out  the 
sanio  elfect  for  varia- 
tions in  tho  squ  aio  roots 
of  the  same  i)ressuro 
drops.  Figures  ,S0  to 
32  are  for  initial  tem- 
peratures of  900°, 
1,200°,  and  1,500°  F., 
respectively ;  for  each  g  so 
of  these  temperatures  o  28 
it  was  possible  to  con-  fi5  ^^ 
solidate  the  two  show-  g 
ings  into  one  figure,  fe 
Each  of  the  curves  on 
these  charts  is  for  the 
boiler  designated  by 
the  number. 

All  of  the  curves  of 
this  group  of  figures 
(26-32)  show  that  as 
the  pressure  drop  in-  |  '° 
creases  the  area  of  the  «  & 
heating  surface  re-  e 
quired  per  boiler  horse-  ^ 
power  decreases;  at 
first  the  decrease  in  the 
area  of  the  heating  sur-  <> 
face  for  each  increase 
of  pressure  drop  is 
rapid,  but  after  me- 
dium values  of  the 
pressure  drop  are  passed  the  decrease  becomes  less  and  less.  It  will 
be  noticed  that  the  abrupt  bend  in  the  curve,  with  any  initial 
temperature  and  almost  any  boiler,  occurs  with  about  the  same  pres- 
sure drop.  The  area  of  heating  surface  per  boiler  horsepower  near 
the  bend  in  the  curves  decreases  with  the  increase  in  the  initial 
temperatures.     Thus,  for  boiler  No.  2,  with  an  initial  temperature 
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Veffective  pressure  drop 
Figure  27.— Influence  of  the  square  roots  of  the  pressure  drops  of  air, 
while  passing  through  each  of  two  boilers,  on  the  number  of  square 
feet  of  heating  surface  required  to  deliver  1  boiler  horsepower. 
All  points  for  initial  temperatures  500°  F. 
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of  500°  F.,  the  heating  surface  required  per  boiler  horsepower  is 
about  10  square  feet,  whereas  with  an  initial  temperature  of  1,500° 
F.  it  is  only  about  1.75  square  feet.  A  still  higher  initial  tempera- 
ture would  further  decrease  this  value,  although  by  a  very  small 
quantity. 


10,  1 6-.  _20. 

EFFECTIVE  PRESSURE  DROP 

Figure  28.— Influence  of  the  pressure  drops  of  air,  while  passing  through  each  of  four  boilers,  on  the 
number  of  square  feet  of  heating  surface  required  to  deliver  1  boiler  horsepower.  All  points  for  initial 
temperatures  700°  F. 

The  exact  relation  between  the  heating  surface  required  and  the 
pressure  drop  seems  to  be  decidedly  complicated.  Perhaps  the 
simplest  roughl}^  approximate  law  can  be  deduced  from  the  charts 
having  the  square  roots  of  the  pressure  drops  for  abscissae. 

Thus,  in  figure  29  (for  boiler  No.  2),  when  the  heating-surface  area 
per  boiler  horsepower  is  20  square  feet,  the  square  root  of  the  pres-  f 
sure  drop  is  about  0.5;  to  reduce  the  heating-surface  area  one-half, 
the  square  root  of  the  pressure  drop  must  be  about  1.1,  or  about 


KXPKiaMKNTS   WITH    SIVfATJ.  MTniTTrTTnUT.AU    fiOILFllR. 


00 


twi('(^  MS  imicli  MS  ill  llu^  (irst  cjisc.  If  llir  lu'iitinj^  surfiutci  is  to  bo 
rcMluccMl  to  T)  s(jiian^  feel,,  or  oiic-foiirl  li  (linl  of  11h',  first  c.nHi^  tlm 
s(|iiaro  root  of  llu^  ])r('ssiir(>  droj)  iiuisl  he-  iiK  r(^asc<l  to  about  2. '2,  or 
about  four  iinu^s  as  luucli  as  in  th(^  first  case. 
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V  EFFECTIVE  PRESSURE  DROP 
Figure  29.— Influence  of  the  square  roots  of  the  pressure  drops  of  air,  while  passing  through  each  of  three 
boilers,  on  the  number  of  square  feet  of  heating  surface  required  to  deliver  1  boiler  horsepower.    All 
points  for  initial  temperatures  700°  F. 

In  the  curves  for  boiler  No.  3  the  heating-surface  area  decreases  in 
somewhat  faster  ratio  than  accords  with  this  law  of  inverse  propor- 
tion to  the  square  root  of  the  pressure  drop.  Thus,  when  the  heat- 
ing surface  is  20  square  feet,  the  square  root  of  the  pressure  drop  is 
about  1.15;  when  the  heating  surface  is  reduced  to  10  square  feet 
the  square  root  of  the  pressure  drop  is  2,  or  not  quite  twice  as  much 
as  in  the  first  case.    To  reduce  the  heating  surface  to  5  square  feet 
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Figure  30.— Area,  in  square  feet,  of  heating  surface  required  to  deliver  1  boiler  horsepower  in  each  of  three  boile) 
function  of  both  the  pressure  drops  of  air  while  passing  through  the  boilers  and  the  square  roots  of  these  p 
drops.  The  curves  for  boiler  No.  4  would  be  so  close  to  those  for  Nos.  1  and  2  that  they  were  not  platte< 
iwlnts  for  initial  temperatures  900"  F. 
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Figure  31.— Area,  in  square  feet,  of  heating  surface  required  to  deliver  1  boi 
function  of  both  the  pressure  drops  of  air  while  passing  through  the  boi 
drops.    Curves  for  boiler  No.  4  were  not  drawn  because  there  were  only  th 
drops,  and  because  the  curves  would  have  fallen  only  a  little  under  those 
peratures  1,200°  F. 
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the  squiiro  root  of  (Ik*  prossuro  droj)  iuhuIh  Ix'  incrcjiscd  only  to  .'i.6 

iiiHtcad  of  AX)  (4x1. !•'>)•     With  sucli  low  tcnijx'nU  iiros  as  700'^  V., 

and  for  tl»is  paiticidar  boiler,  it  would  takc^  very  hi^di  pressuni  droi)S 

to  iTducc  Ix'lovv  ii  s(piare  feet  tlu^  luMilinj^  Hiirfacc,  rcfpiircd  per  boiler 

horsepower.     I  loW(wer, 

with     t(Mnp(M*atiires    of 

1,500°     V\,     and     with 

shorter-tubed      boileis, 

the  heating  surface  can 

bo  reduced  to  less  than 

IJ  square  feet  without 

the  need    of    excessive* 

pressure     drops;     this 

conclusion  is  supported 

by  the  curve  of  boiler 

No.  2  in  figure  32. 

The  amoiuit  of  re- 
duction of  the  lieating 
surface  should  always 
be  discussed  as  a  per- 
centage and  not  as  so 
many  square  feet.  A 
much  higher  pressure 
drop  is  necessary  to  re- 
duce the  heating  surface 

I  square  foot  from  an 
original  4  square  feet 
than  to  reduce  it  1 
square  foot  from  an 
original  10  square  feet. 
It  should  not  be  forgot- 
ten, however,  that  in 
the  first  case  the  rate 
of  working  the  boiler  is 
increased  by  33  per  cent 
through  the  reduction 
in  the  heating  surface, 
whereas  in  the  second 
case  the  rate  of  work- 
ing is  increased  by  only 

II  per  cent. 
There  is  one  deduction  w^hich  can  be  drawn  conclusively  from  these 

groups  of  figures,  and  that  is  the  number  of  square  feet  of  heating 
surface  required  per  boiler  horsepower  decreases  as  the  initial  tem- 
perature of  the  gases  and  the  effective  pressure  drop  increases.     There 
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is  just  as  much  loj^^ic  in  saying  tliat  tlic  heating  surface  necessary  to 
produce  1  hoiler  horsepower  is  20,  or  3  square  feet,  as  in  saying  that 
it  is  10  square  feet. 

RELATION  BETWEEN  THE  AREA  OF  HEATING  SURFACE  REQUIRED  PER 
BOILER  HORSEPOWER  AND  THE  INITIAL  TEMPERATURE  WHEN  THE 
PRESSURE  DROP  OF  AIR  THROUGH  THE  BOILERS  REMAINS  CONSTANT. 

Figures  33  to  36,  inchisive,  give  the  relation  between  the  area  of 
heating  surface  required  per  boiler  horsepower  and  the  initial  tem- 
perature of  the  air  passing  through  the  boiler.     Each  figure  gives 
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Figure  33.— Area,  in  square  feet,  of  heating  surface  required  to  develop  1  boiler  horsepower,  as  a  function 
of  the  initial  air  temperature  minus  the  boiler-water  temperature,  when  the  pressure  drop  of  the  air 
while  passing  through  the  boilers  always  equals  1  inch  of  water. 

this  relation  for  one  constant  pressure  drop,  and  each  curve  is  for  the 
boiler  designated. 

The  abscissae  of  all  the  charts  are  the  differences  between  the  initial 
temperatures  of  the  air  and  the  temperatures  of  the  steam  in  the 
boilers.  Since  the  latter  temperatures  are  almost  constant,  the  varia- 
tion of  the  difference  is  about  the  same  as  the  variation  of  the  initial 
temperature.  The  curves  have  been  worked  out  for  four  different 
pressure  drops,  namely,  1  inch,  4  inches,  9  inches,  and  16  inches  of 


EXPKIllMKN'I'S    WITH    SMALI.    M  r  1 ,1  11  I  T.  I' I  .AR   BOIM'nB. 


73 


w'n<(M';  lji(\s(>  fij^iirofl  woro  tjikcii  on  ncronnl  of  hcin^  perfect  Hrjiian's, 
tjurir  sqiiam  roots  beinj^  I,  '2,  'A,  nnd   I. 

All  tiie  ciiivcs  nj)i)ear  to  Ix^  jisyiiiplol/K'  iil  lli<i  lefl-  to  Iho  vortiral 
lino  of  zero  IcMuperatun^  difVciciico,  and  at  Uu^  fool  of  th(^  cliarls  to  Die 
Jiorizonlal  line  of  zero  }iealin«,'  surface.  Tliesc^  relations  s(^eni  to  bo 
re(piir(Ml,  for  if  tlu^  tenij)eratni(^  dillenMici^  wen^  nearly  Z(M-o  tlu^  area 
of  ]ieatin<^  surface  nvpiired  to  develop  a  boiler  liorsepower  would 
have  to  be  infinitely  lar<,'e,  nnd  if  iJie  heating  surface  were  reduced 
nearly  to  zero  tlio  temperature  diirercnce  would  have  to  bo  infinitely 
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INITIAL  TEMPERATURE  OF  AIRMlNUS  BOILER-WATER  TEMPERATURE 

Figure  34.— Area,  in  square  feet,  of  heating  surface  required  to  develop  1  boiler  horsepower,  as  a  funtion 
of  the  initial  air  temperature  minus  the  boiler-water  temperature,  when  the  pressure  drop  of  air  while 
passing  through  the  boilers  always  equals  4  inches  of  water. 

high.  Between  these  two  limits  the  heating  surface  seems  to  decrease 
ahnost  as  fast  as  the  temperature  difference  increases.  This  relation 
seems  to  hold  at  least  for  the  temperatures  investigated.  There  are 
reasons,  however,  which  lead  to  the  belief  that  after  moderate  tem- 
peratures are  reached  the  decrease  in  the  heating  surface  would  be 
considerably  less  wdth  further  increases  of  temperature  than  this 
relation  w^ould  call  for.  One  reason  why,  in  the  case  of  the  two 
short  boilers,  the  reduction  of  the  heating  surface  keeps  up  so  well 
with  the  temperature  increase  is  that  the  same  pressure  drop  pushes 
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300  400  600.  600  70Q       "    800  900  1000 

INITIAL  AIR  TEMPERATURE.  MINUS  BOILER-WATER  TEMPERATURE 


1200.     MlOQ 


Figure  35. — Area,  in  square  feet,  of  heating  surface  required  to  develop  1  boiler  horsepower,  as  a  function 
of  the  initial  air  temperature  minus  the  boiler-water  temperature,  when  the  pressure  drop  of  air  while 
passing  through  boilers  always  equals  9  inches  of  water. 
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INITIAL  TEMPERATURE  OF  AIR.- JVIINUS  BOILER-WATER  TEMPERATURE, 

Figure  36. — Area,  in  square  feet,  of  heating  surface  required  to  develop  1  boiler  horsepower,  as  a  function 
of  the  initial  air  temperature  minus  boiler- water  temperature,  when  the  pressure  drop  of  air  while  passing 
through  boilers  always  equals  16  inches  of  water. 
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tliroii^'Ji  I  lie  l)()il<'i- lur^'cr  wciglits  of  gases  wJicii  tjn-  inilinl  I^miiimm  ii  I  mil 
is  Jii^Jicr. 

(\)nij)}ir'm«^  hoilons  Nos.  1  nnd  '2,  wliicji  ar(^  of  lji<^  same  Icn^lli  hut 
havo  flurs  of  (lilfi'ioiit  diamoU'rs,  it  is  inU'rcstinK  i<>  noU^  l}iat  witli  tho 
sanio  prossiin^  (liop  mid  {]w  saino  initial  tciiipcratiin^  ()i(^  jjoilcr  wiili 
(ho  small  flues  i(M|iiir('s  less  heating  surface  ])<'r  boiler  horw^power 
ihnii  tjie  boiler  wilji  ()i(^  lar<^er  flues. 

With  low-pressure  drops  Ww  values  of  the  luxating  surface  of  boiler 
No.  3  are  rallier  Jii«,^]i  as  coiuj)ared  with  ])oilers  Nos,  1  and  2;  but,  as 
(lie  pressure  drop  increases,  l)()iler  No.  3  comes  close  to  the  otlior  two 
boilers,  absoh^tely,  but  not  in  jxMcentago. 

REI^TION  BETWEEN  THE  TREBSUUK  DIIOTS  AND  INITIAL  TEMPERA- 
TURES WHEN  THE  AMOUNT  OF  HEATINO  SURFACE  REQUIRED  PER 
BOILER    HORSEPOWER    REMAINS    CONSTANT. 

Figures  37  to  40,  inclusive,  Jnive  been  devised  to  sliow  the  inter- 
relations between  tho  pressure  drops  of  tlio  air  wliile  passing  through 
tho  boilers  and  tho  difTerences  between  the  initial  air  and  the  boiler- 
water  temperatures  when  tlie  area  of  heating  surface  reciuired  per 
boiler  horsepower  remains  constant.  Each  figure  is  worked  out  for 
the  constant  area  of  heating  surface  stated  in  its  legend. 
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INITIAL  TEMPERATURE  OF  AIR  MINUS  BOILER-WATER  TEMPERATURE 

Figure  37.— Pressure  drops  of  air  while  passing  through  boilers  as  functions  of  the  initial  air  minus  the 
boiler-water  temperatures  for  a  rate  of  heat  absorption  always  requiring  10  square  feet  of  heating  surface 
per  boiler  horsepower. 

The  abscissae  are  the  differences  between  the  initial  temperatures 
of  the  air  and  the  boiler-water  temperatures.  The  water  tempera- 
ture is  substantially  constant,  so  that  the  variation  of  the  difference 
is  the  same  as  that  of  the  initial  temperature.  This  relation  between 
the  pressure  drops  and  the  iuitial  temperatures,  when  the  rate  of  heat 
absorption  remains  constant,  can  not  be  exactly  expressed  in  the  form 
of  a  simple  law.  Perhaps  it  may  be  suggested  that  the  product 
obtained  by  multiplying  the  square  root  of  the  pressure  drops  by  the 
initial  temperature  minus  that  of  the  water  in  the  boiler  is  roughly 
constant.     However,  this  relation  is  only  approximately  true  and  will 
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not  hold  for  all  boilers  through  any  range  of  temperatures;  it  holds 
best  at  the  high  temperatures  of  boiler  practice. 

The  charts  merely  show  that  by  certain  combinations  of  the  pres- 
sure drops  and  the  initial  temperatures  ahnost  any  boiler  can  be  made 
to  work  at  any  desired  rate. 

On  tlie  chart  (fig.  37)  based  on  10  square  feet  of  heating  surface  per 
boiler  horsepower  tlic  curves  of  boilers  Nos.  1  and  2  are  rather  close 
together;  the  curve  for  boiler  No.  3  is  much  higher  than  those  for 
the  other  two  boilers  and  rises  still  higher  on  the  charts  based  on 
smaller  areas  of  heating  surface.  The  reason  why,  with  the  same 
initial  temperature,  boiler  No.  3  requires  a  much  higher  pressure 
drop  to  make  its  rate  of  heat  absorption  equal  to  the  rates  of  the 
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INITIAL  AIR  TEMPERATURE     MINUS     BOILER-WATER  TEMPERATURE 

Figure  38.— Pressure  drops  of  air  while  passing  through  boilers  as  functions  of  the  initial  air  minus  the 
boiler- water  temperatures  for  a  rate  of  heat  absorption  always  requiring  5  square  feet  of  heating  surface 
per  boiler  horsepower. 

other  two  boilers  is  that  its  resistance  to  the  flow  of  gas  is  high  com- 
pared to  that  of  boiler  No.  2 ;  further,  it  has  a  large  heating  surface 
compared  to  boiler  No.  1.  Boiler  No.  3  has  twice  the  heating  surface 
of  boiler  No.  1;  therefore,  in  order  that  the  heating  surface  of  the 
former  be  worked  as  hard  as  that  of  the  latter,  nearly  twice  as  much 
air  must  be  pushed  through  boiler  No.  3  as  through  boiler  No.  1. 
Consequently  nearly  four  times  as  much  pressure  drop  is  required  for 
boiler  No.  3  as  for  boiler  No.  1.  However,  it  should  be  remembered 
that  boiler  No.  3  absorbs  about  10  per  cent  more  heat  from  each  pound 
of  air  than  does  boiler  No.  1,  which  has  flues  of  the  same  diameter  but 
only  half  as  long. 

As  between  boilers  Nos.  1  and  2,  the  former  is  preferable  because 
a  smaller  pressure  drop  is  required  to  work  it  at  the  same  rate; 
moreover,  boiler  No.  1  absorbs  about  14  per  cent  more  heat  from  each 
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pound   of   air   tluiii    dofvs   hoiJcr   No.  2.     TIuh   advuiitaj^c^   of  siniill<T 
tubes  is  of  oxtnuiK^  impoitancf^  in  boih^*  construction. 

TIh^  ciiiNc  l()i-  l)()il(M'  N(K  4  is  nof,  on  fi^nn^  'M  })(u*aUHO  it  would 
havo  fall(Mi  too  (doso  to  that  foi  hoilci*  No.  I,  althon/^li  a  liltic  Ix'low 
tlic  lattiM-.  Fti  fi<^nm  8S  for  i\n'  low  t('Jn|)('^atnr(^s  the  cui'V(^  of  hoih^r 
No.  4  hcs  ])('l(Av  (l»c  oMiors,  ])nt  for  th(^  ln<^lj(M'  tcniponituros  it  ru^arly 
coin('i(h's  with  Mhuu.  In  fi^Mircs  'M)  and  40  tlic-  (mii-vc^s  for  hoiicir 
No.  4  ho  hotwoon  tlioso  for  boilers  Nos.  1  and  2,  [)roba])ly  b(»rauso 
of  an  error  somowhero.  As  was  remarked  before,  tlio  tests  on  ]>oil(T 
No.  4  are  not  noarlv  so  relial)le  as  tliose  on  tlie  otlicr  tliroe.     More- 
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INITIAL  TEJVIPERATURE  OF  AIR.  MINUS  BOILER-WATER  TEMPERATURE 

Figure  39.— Pressure  drops  of  air  while  passing  through  boilers  as  functions  of  the  initial  air  minus  the 
boiler-water  temperatures  for  a  rate  of  heat  absorption  always  requiring  3  square  feet  of  heating  surface 
per  boiler  horsepower. 

over,  the  larger  total  area  of  the  cross  sections  of  the  tubes  in  this 
boiler  increased  the  velocity  of  approach  of  the  air  to  the  tube  en- 
trances, so  that  the  quantity  of  air  that  passed  through  was  larger 
than  that  due  merely  to  the  head  or  pressure  drop  through  the  boiler. 

It  is  regrettable  that  several  more  sizes  and  lengths  of  tubes  were 
not  tested;  nevertheless  the  indications  of  figures  32,  33,  and  34, 
so  far  as  they  concern  boilers  Nos.  1,  2,  and  4,  probably  justify  to 
some  extent  the  following  deduction: 

If,  in  any  fire-tube  boiler,  the  tubes  are  replaced  by  smaller  ones 
of  the  same  total  heating  surface  (not  the  same  total  cross-sectional 
area),  the  same  pressure  drop  will  result  in  the  production  of  about 
the  same  quantity  of  steam,  at  a  higher  true  boiler  efficiency. 
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THE   REALITY  OF   A    CRITICAL   VELOCITY   IN   FLOWING  FLUIDS.  | 

At  a  number  of  places  in  this  bulletin  the  rate  of  flow  of  gas  or 
water  m  a  tube  is  referred  to  as  below  or  above  the  ''critical  velocity." 
This  term  ''critical  velocity"  is  not  at  all  self-explanatory;  it  is 
that  velocity  at  wliich  the  stream  lines  of  flow  cease  rather  suddenly 
to  be  parallel,  and  at  which  violent  eddying  begins.  Prof.  Osborne 
Reynolds,  one  of  tlie  flrst  men  to  notice  it,  wrote  upon  it  many  years 
ago;  he  found  that  below  the  critical  velocity  a  thread  of  colored 
liquid  introduced  into  the  center  of  a  stream  of  water  flowing  through 
the  tube  remained  in  the  center  and  sharply  defined  for  the  whole 
tube  length,  but  at  the  critical  velocity  it  disappeared. 
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Figure  40. — Pressure  drops  of  air  while  passing  through  boilers  as  functions  of  the  initial  air  minus  the 
boiler-water  tenii)cratures  for  a  rate  of  heat  absorption  always  requiring  2  square  feet  of  heating  surface 
per  boiler  horsepower.    (The  points  for  boiler  No.  4  were  obtained  by  extrapolation.) 

On  November  24,  1904,  Prof.  Keynolds  presented  to  the  British 
Royal  Society  a  paper  on  the  subject  written  by  Drs.  H.  T.  Barnes 
and  E.  G.  Coker  of  McGiU  University.  This  exceUent  paper,  en- 
titled "The  flow  of  water  through  pipes:  Experiments  on  stream- 
hne  motion  and  the  measurement  of  critical  velocity"  contains  the 
results  of  many  experiments  and  the  conclusions  based  on  them. 

Doctors  Barnes  and  Coker  conceived  the  idea  of  determining  the 
critical  velocity  of  the  water  in  any  particular  tube  by  heating  the 
tube  along  a  considerable  portion  of  its  length,  placmg  the  bulb  of  a 
small  thermometer  in  the  center  of  the  emerging  stream,  and  grad- 
ually opening  a  valve  beyond  the  thermometer  until  the  beginning 
of  eddying  was  announced  by  a  sudden  rise  of  the  thermometer. 
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TIks  luiMiors  of  this  hiillcMii  tried  siiiiilur  cxpcriiiicnls  witli  a 
stnniju  of  M-ir  llowiii^  IJirou^li  a  ^lasH  tiihc^  about  ]  J)  iiK'lios  (4  cm.) 
in  dinjiK^tor.  Tln^y  used  oxcliisivc^ly  tli(^  colorod-Htroam-Iino  nu^Uiod, 
and  introdncod  into  tlui  vvuU^v  of  tli(i  tulx^,  a  littler  distanro  insido 
its  (mtranco,  streams  of  smoko,  nitric  oxid(^,  and  anunoniujn  rldorido, 
all  in  a  vain  att(un[)t  to  ^ot  soinntliin*^  dark  (^n()n<^li  to  [)lioto«;ni|)lj. 
To  the  oyo  tlu^  a.|)|)oanvnc(>  of  a  ciiticnl  velocity  under  certain  con- 
ditions (tejn|)eiature  of  air  15°  C,  estinnitod  vt^locity  a])out  1  jn(!ter 
per  second)  was  uiuuistakabh^.  Tiic  work  had  to  be  discontinued 
because  the  laboratory  was  moved. 

On  referrinjj;  to  figures  0,  14,  and  I!)  one  will  notice  that  all  the 
true-boiler-(»(nciency  curves  for  litth^  jnultitu])ular  boiler  No.  3  }iave 
a  sharp  rise  after  100  feet  per  second  velocity;  it  seems  inconceiva])le 
that  the  stieam  lines  of  flow  remained  at  all  parallel  up  to  this  velocity, 
and  yet  the  sudden  increase  in  lieat  absorption  may  i)ossibly  have 
been  due  to  the  air  velocity  reaching  a  critical  value— if  tlicrc  be  any 
such  thing  as  the  sudden  appearance  of  a  second  more  violent  eddy- 
ing. Strong  evidence  against  this  supposition  is  afforded  by  tlie 
fact  that  the  upward  turns  appeared  at  higher  velocities,  the  higher 
the  initial  air  temperature. 

SUMMARY  OF  DEDUCTIONS  FROM  THE  LABORATORY  EXPERIMENTS. 

When  the  temperature  of  the  air  entering  a  boiler  remains  constant, 
the  rate  of  heat  absorption  by  convection  by  the  heating  surface  of 
the  boiler  flues  increases  very  nearly  in  direct  proportion  to  the  veloc- 
ity of  the  gas  passing  over  the  heating  plate.  This  is  particularly 
true  beyond  the  point  of  the  critical  velocity. 

Wlien  the  velocity  of  the  air  remains  constant,  .the  rate  of  heat  ab- 
sorption increases  as  the  initial  temperature  rises,  but  not  in  direct 
proportion  to  the  rise;  the  increase  in  the  rate  of  heat  absorption 
becomes  smaller  for  equal  rises  of  initial  temperature  as  the  initial 
temperature  becomes  higher. 

With  air  velocities  greater  than  the  critical  velocity  the  true  boiler 
efficiency  is  nearly  constant  for  any  rate  of  working  and  for  any 
initial  temperature. 

The  critical  velocity  increases  when  the  temperature  rises,  and 
seems  to  drop  when  the  diameter  of  the  flues  increases. 

Increasing  the  diameter  of  the  flues  decreases  their  efficiency  as  heat 
absorbers — that  is,  flues  of  large  diameter  are  less  efficient  than  flues 
of  small  diameter  of  the  same  length,  although  the  large  flues  have 
more  heating  surface.  The  higher  efficiency  of  small  tubes  is  due  to 
the  fact  that  the  average  distance  of  each  particle  of  the  gas  from  the 
flue  surface  is  shorter,  and  therefore  each  particle  of  gas  comes  of tener 
in  contact  with  the  surface.     It  is  not  the  total  area  of  the  heating 
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surface  that  determines  the  efficiency  of  a  boiler,  but  the  cross  sec- 
tional area  of  the  gas  passage  and  the  arrangement  of  the  surface 
with  respect  to  the  flow  of  gas. 

It  seems  tliat  a  large  num])or  of  small  flues  having  the  same  total 
cross-sectional  area  as  a  few  Hues  of  larger  diameter  require  a  smaller 
pressure  drop  to  push  the  same  weight  of  gas  through  than  do  the 
large  flues. 

Increasing  the  length  of  flues  increases  their  efficiency,  but  not  in 
direct  proportion;  the  increase  in  efficiency  becomes  smaller  with 
every  successive  addition  to  the  length  of  the  flue,  so  that  to  make 
flues  larger  than  some  definite  length  would  not  be  good  economy. 

Most  of  the  resistance  to  the  passage  of  air  through  the  flues  of  a 
tubular  boiler  is  at  the  entrance  to  the  tubes;  adding  to  the  length 
of  the  flues  increases  the  resistance  but  little. 


SPECIAL  OBSERVATIONS  DURING  TESTS  ON  LARGE  BOILERS 
THAT  CORROBORATE  THE  RESULTS  OF  EXPERIMENTS  WITH 
LABORATORY  BOILERS. 

Diiriiiji;  Ihe  wiiitor  of  1<)()7-S,  aft  or  tlio  l}i])()ratory  cxporiments 
with  small  boilors  woro  c()m])l(U(Ml,  ilu)  authors  wero  (l(5iail(3(l  to  inak(5 
comparative  tests  of  In-iqiiotted  and  ruii-of-miiio  coal  on  a  torpc^do 
boat  at  the  United  States  navy  yard  at  Norfolk,  Va.  Later  in  the 
same  winter  they  were  instructed  to  make  a  similar  series  of  tests  on  a 
freight  locomotive  at  the  yards  of  the  Seaboard  Air  lino  Railway  at 
Portsmouth,  Va.  During  both  of  these  series  of  tests  such  observa- 
tions were  taken  as  would  shed  light  on  the  extent  of  the  applical)ility 
to  large  boilers  of  the  principles  of  heat  transmission  deduced  from 
the  laboratory  experiments.  These  observations  are  presented  and 
discussed  in  the  followhig  pages. 

The  principle  which  the  results  of  these  observations  demonstrate 
is  that  without  lowering  the  true  boiler  efficiency  to  any  extent,  the 
capacity  of  many  boilers  can  be  increased  by  passing  more  gases 
through  them. 

TESTS   WITH   THE    NORMAND   BOILER   OF   THE   TORPEDO    BOAT    BIDDLE. 

The  general  shape  and  the  principal  features  of  this  boiler  are 
shown  in  figure  41.  The  boiler  was  of  the  water- tube  type  and  con- 
sisted of  a  steam  drum  and  two  mud  drums,  the  former  being  con- 
nected to  the  latter  with  1,800  tubes  of  1  inch  internal  diameter.  The 
furnace  was  under  the  steam  drum  between  the  two  nests  of  tubes  and 
the  mud  drums.  In  the  rear  of  the  boiler  there  were  two  large  tubes 
connecting  each  mud  drum  to  the  steam  drum  and  serving  as  do\\Ti- 
comers  for  the  circulation  of  the  water. 

The  total  heating  surface  of  the  boiler  was  2,780  square  feet;  the 
area  of  the  grate  surface  was  60  square  feet. 

Gases  were  forced  through  the  boiler  by  keeping  the  fireroom  under 
pressure,  the  pressure  being  maintained  b}"  means  of  a  5-foot  pressure 
fan.« 

a  For  a  complete  description  of  the  boiler  and  the  results  of  tests,  see  Bulletin  33,  Bureau  of  Mines, 
'Comparative  tests  of  briquetted  and  run-of-mine  coal  on  the  torpedo  boat  Biddle,"  by  the  present 
authors. 

57537°— Bull.  18—12 6  81 
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Table  11. — Data  from  teals  on,  a  Norianml  hoitcr  and  rulrulalionn  baHvd  Ihereon.'^ 


Col II inn  n 

I'oundsof 

'r<Miii>orii- 

«ilvl.|<vlhy 

dry  fiK'l 

llriMJ  pnr 

snmirc*  fdol 

ofurutdsin- 

T(Miii)c<rii- 
l.iirn  of 
holltir 
wuUt. 

TiMiiprni- 

l.iirn  of 
(,;ii.'i<',s  ii'iiv- 
iiiK  hollt^r 

tlllHVS. 

liini  111  fur- 

niun,  II.M 

pmkI  hy  11 

WllIlIUT 
Opticill 

Coliiiiiii  4 

iniiiiis  rol- 

iiiiiii  2. 

Coliiinn  4 

llllllllS  «ol- 
iiinii  3. 

roliiinn  5, 
KlvliiKcon- 

V«'(lloll 

coiiipoiii'nt 
of  \\\*\  IriH! 

MolN-r 
lior  .<- 
Ilo\vl•r<l^•- 
vltloIH•<|. 

JiDiir. 

pyroiiiuUir. 

holl.Tum- 
cliiiuy. 

1 

2 

8 

4 

6 

• 

7 

8 

op 

"  F. 

"F. 

"  F. 

op 

op 

11).  (it 

3H0 

(MC. 

2,367 

1 ,  987 

1,721 

86.6 

318.3 

2().  2\) 

371» 

597 

2,317 

1,968 

1,7.')0 

89.  0 

.339.  2 

2().4l 

3S() 

5M3 

2,6;J3 

2,  253 

2,0.')0 

m.  9 

346.  5 

21.12 

3Sl 

(ksl 

2,460 

2,07'.t 

1,779 

85.  6 

332.  4 

21.14 

3S() 

5sa 

2,.')02 

2,122 

1,919 

JM).  5 

33.'i.  3 

23.  »5 

3S3 

(■>37 

2,142 

2,060 

1 ,  ,S05 

87.6 

363.  8 

2i».  07 

3S3 

(lOl 

2,498 

2,115 

1,897 

89.  6 

435.  3 

2<.).  ()2 

3S0 

739 

2,  ()73 

2, 2^>3 

1.9.34 

84.7 

460.  1 

'A).  Its 

3>S3 

(i()S 

2,881 

2, 498 

2,213 

88.  5 

444.  5 

30.  U) 

3S0 

ti55 

2,273 

1,893 

1,618 

85.4 

441.5 

31.  (W 

379 

696 

2,662 

2,283 

1 ,  966 

86.1 

490. 4 

37.28 

3S4 

709 

2,76.5 

2,381 

2,().')6 

8fi.  3 

.'■)4H.  1 

41.20 

3S0 

739 

2,615 

2,2.35 

1,876 

84.0 

623.  3 

45.26 

379 

797 

2,921 

2,542 

2,124 

83.  6 

671.3 

1)45.29 

379 

919 

2,586 

2, 207 

1 ,  667 

7.5.  6 

596).  4 

45.41 

3S0 

728 

2,624 

2,244 

1,896 

84.6 

6.56.  6 

61.76 

382 

752 

2.950 

2,568 

2,198 

85.5 

748.  2 

64.83 

379 

807 

3,097 

2,718 

2,290 

84.3 

850.  0 

71.48 

380 

817 

3,070 

2,690 

2,253 

83.8 

914.4 

a  These  tests  atul  the  calculations  bivsed  thereon  are  for  the  purpose  of  showing  the  approximafe  constancy 
of  the  true  boiler  ediciency  in  practice.  (The  actual  fuel  consisted  in  dilTerent  tests  of  run-of-rrtine  coal, 
some  large  "square"  briquets  and  some  small  nearly  "round"  ones,  both  made  from  part  of  the  run-of-mine 
coal,  but  it  is  unnecessary  to  denote  the  distinction  here.)  No  tests  are  omitted  because  they  "do  not  lit 
the  theory."    Tests  are  in  order  of  ascending  values  in  column  1. 

6  The  flue  temperature  for  this  test  was  in  all  probability  much  lower  than  919°  F.,  as  an  examination  of 
the  original  lo^  sheets  shows,  so  that  the  true  boiler  elliciency  of  75.6  per  cent  is  undoubtedly  several  per 
cent  low.    This  elliciency  is  platted,  but  was  disregarded  in  drawing  the  curve. 

In  Table  11  are  given  observations  of  temperatures  in  19  tests 
made  on  the  Normand  boiler  of  the  torpedo  boat  Biddle.  These 
temperatures  are  used  in  computing  the  true  boiler  efficiency  for  the 
purpose  of  comparing  the  latter  with  the  rate  of  combustion.  The 
headings  of  each  column  of  the  table  may,  perhaps,  be  supplemented 
by  the  following  remarks: 

In  column  1  the  word  fuel  is  used  to  designate  either  briquets 
or  run-of-mine  coal. 

In  column  2  the  temperature  of  boiler  water  is  obtained  from  a 
table  of  steam  temperatures  and  corresponds  to  the  temperature  of 
saturated  steam  at  the  average  pressure  recorded  during  each  test. 

In  column  3  the  temperature  of  the  gases  leaving  the  heating 
tubes  of  the  boiler  was  measured  in  the  uptake  about  2  feet  above 
the  steam  drum,  either  with  a  mercury  thermometer  or  a  platinum 
thermocouple.  The  values  given  are  substantially  correct,  though 
a  little  low. 

Column  4,  the  temperature  in  the  furnace  was  measured  with  a 
Wanner  optical  pyrometer,  which  was  standardized  before  each  test. 
The  readings  were  taken  through  a  specially  made  hole  in  the  back 
of  the  furnace. 

All  the  temperatures  given  in  the  table  represent  the  average  of 
15  or  20  readings. 
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Column  5  is  the  excess  of  furnace  temperature  above  the  tempera- 
ture of  the  water  in  the  boiler;  in  other  words,  it  is  the  available 
temj)orature  drop,  which  is  nearly  proportional  to  the  heat  available 
for  absorption. 

Column  6  is  the  actual  temperature  drop  of  the  gases  due  to  the 
abstraction  of  heat  in  passing  through  the  boiler,  and  is  nearly  pro- 
portional to  the  heat  absorbed  by  the  boiler. 
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Figure  42.— Trr.e  boiler  efficiency  and  boiler  horsepower  platted  against  pounds  of  dry  fuel  fired  per 
square  foot  of  grate  surface  per  hour.    Results  of  tests  in  a  Normand  water-tube  boiler. 

Column  7  gives  the  true  boiler  efficiency  obtained  by  dividing 
column  6  by  column  5.  This  computation  is  the  same  as  is  used 
for  the  small  boiler  experiments  and  is  explained  on  page  31. 

Column  8  gives  the  boiler  horsepow^er  which  the  boiler  developed 
in  each  test. 

Figure  42  has  been  platted  with  figures  of  column  1  as  abscissae, 
and  at  the  top  with  figures  of  column  8  and  at  the  bottom  with  figures 
of  column  7  as  ordinates. 

The  curve  passing  through  the  upper  group  of  points  shows  the 
relation  between  the  rate  of  coal  combustion  and  the  rate  of  heat 
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al)H()r|)ti()n.  Siiuu^  upproximaloly  llui  sjuik^  W(U^IiI  oI  iiir  was  u.s(icl 
jx'i"  pound  <»r  coul,  (Iki  raid  <»!'  ('(»iiihiisl  iciii  is  closely  proj)orlional  lo 
tho  w(^i^lit  ol"  j^asos  ])assiii<^  Ihron^li  IIm^  hoilcr,  mid  \\wr^'U>r^^  tlio 
curv(>  shows  (h(^  n^lalioii  Ix^lvvccii  (lui  weight  of  piscs  passiii<^  tliroii^li 
l)()iI(M*  and  lli(^  viii(\  of  heat  ahsorpl  ion. 

'V\\i)  curves  j)assiM^  lIiroii<^li  llu^  lower  «^rnii|>  of  points  shows  (ho 
rehilion  belw(MMi  the  (rue  hoiler  ellieieney  and  (h<'  ra(e  of  cond^ustion, 
or  (h(^  w(^i^h(.  of  ^n.s  passing  (hi'ou^^h  (hc^  hoilcr. 

Fiji;ure  42,  (hen,  shows  relalions  loi-  (he  Normaiid  torjXido-boat 
l)()ilei'  similar  io  (hos(^  shown  by  fii^ures  4,  5,  0,  and  7  for  (ho  small 
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APPROXIMATE  HEAT  QEKiERATED  PER  HOUR.  MILUONS  OF  R  T.  U. 

Figure  43.— Rate  of  evaporation  as  a  function  of  rate  of  heat  evolution  in  a  locomotive  boiler. 

laboratory  boilers.  It  will  be  noticed  that  the  curves  of  the  Normand 
boiler  have  shapes  similar  to  the  curves  for  the  small  boilers — that 
is,  the  rate  of  heat  absorption  increases  almost  in  direct  proportion 
to  the  increase  in  weight  of  the  gases  passing  through  the  boiler; 
also  the  true  boiler  efficiency  remams  nearly  constant  throughout 
the  range  of  the  weight  of  gas.  This  boiler  develops  a  boiler  horse- 
power on  less  than  3  square  feet  of  heating  surface,  a  fact  that  indi- 
cates that  the  heating  plates  of  the  boiler  are  able  to  take  care  of  all 
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the  heat  that  the  gases  are  able  to  deliver.  It  may  be  said  that,  in 
general,  the  conclusions  drawn  from  the  experiments  with  small 
laboratory  boilers  h(jld  true  for  the  Normand  boiler. 

TESTS    WITH   A    LOCOMOTIVE    BOILER. 

The  data  given  in  Table  12  and  platted  in  figure  43  are  here  pre- 
sented as  a  demonstration  that  in  a  locomotive  boiler  the  rate  of  heat 
absorption  is  very  nearly  proportional  to  the  rate  of  heat  generation; 
that  is,  the  boiler  is  able  to  absorb  the  heat  as  fast  as  the  latter  is 
delivered  to  it. 

The  locomotive  on  which  the  tests  were  made  was  of  a  modem 
10-wheel  freight  type.  The  boiler  had  in  all  2,584  square  feet  of 
heating  surface.  There  were  328  flues,  each  2  inches  in  internal 
diameter  and  14  feet  2  inches  long.  The  area  of  the  grate  was  29.65 
square  feet.'* 

Table  12.—  Data  from  tests  on  a  freight-locomotive  boiler. 


Test 
No. 

Pounds  of 
combusti- 
ble, per 
hour  for 
whole 
grate.a 

Heat       j  CO  loss 
value  of          per 
1  pound  of   pound  of 
combusti-    combust- 
ble(B.t.u.),     ible. 

1 

Unac- 
counted-for 
loss  per 
pound  of 
combusti- 
ble. 

Column  4 
plus  col- 
umn 5. 

Column  3 
minus  col- 
umn 6. 

Column  2 

multiplied 

by  column  7. 

Code  item 
63,  equiva- 
lent evap- 
oration per 
hour  from 
and  at 
212°  F. 

1 

2 

3          1        4 

5 

6 

7 

8 

9 

1 

655.4 

955 

1,026 

494 

729 

1,166 

1,450 

2,074 

1,960 

1,042 

2,155 

1,632 

1,533 

2,822 

15,705 
15,  720 
15. 782 
15,818 
15.846 
15,955 
15,810 
15,865 
15, 688 
15, 833 
15,  743 
15,915 
15,680 
15,  865 

21 

307 

740 

335 

949 

1,075 

648 

1,484 

2.326 

1,102 

865 

998 

1,633 

888 

21 

481 

819 

521 

1,056 

1,251 

787 

1,587 

2.443 

1,264 

885 

1,225 

1.671 

1,051 

15,684 
15,  239 
15, 963 
15,297 
14,  790 

14,  704 

15,  023 
14,  278 
13, 245 
14, 569 
14,858 
14,  690 
14,009 
14,814 

10, 270, 000 
14,570,000 
16, 380. 000 
7, 570, 000 
10,  780,  000 
17,140.000 
21,800,000 
29,600,000 
25,950,000 
15,180.000 
32, 000,  000 
24,000,000 
21,500,000 
41,800,000 

Pounds. 
8,681 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

174 

79 

186 

107 

176 

139 

113 

117 

162 

20 

227 

38 

163 

11,840 
12.023 
6.312 
8,977 
14. 153 
17,381 
23. 151 
18. 689 
12,889 
24, 941 
18, 398 
17, 268 
28,528 

a  This  item  has  been  corrected  for  carbon  in  ash-pit  refuse.    The  word  "combustible"  is  used  loosely  as 
a  substitute  for  the  phrase  "coal  free  from  moisture  and  ash." 

The  following  explanation  of  the  columns  of  Table  12  may  be  found 
useful. 

Column  2  gives  the  pounds  of  ^' combustible"  ascending  from  the 
grate  per  hour.  The  values  given  were  obtained  by  subtracting  from 
the  weights  of  coal  fired  the  weights  of  moisture  and  ash  as  deter- 
mined by  chemical  analysis,  and  also  the  weights  of  the  combustible 
falling  through  the  grate  into  the  ash  pit. 

Column  3  gives  the  heat  value  of  1  pound  of  ''combustible." 

Column  4  gives  the  heat  lost  in  burning  carbon  to  CO  instead  of  to 
COj.  The  values  are  figured  from  the  chemical  analyses  of  the  flue 
gases. 

a  For  a  more  detailed  description  of  the  locomotive  and  the  tests,  see  Bulletin  34,  Bureau  of  mines, 
"Comparative  tests  of  briquetted  and  run-of-mine  coal  in  a  locomotive  boiler,"  by  the  present  authors. 
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Coltiinii  T)  is  l.lu^  "  iiiuic,<'-<)Unt<^(l-f()r"  <u>Jiiiiiii  in  llu5  ]umi  buluncx^ 
It  j^ivos  tlio  luMit;  lost,  by  tlu^  (^scujx^  of  conihiistibli^  ^iiH<?H  and  viij)orH 
otbcu"  tbaii  (M),  ])l\iH  tbo  luuit  lost  in  sj)jiikH,  ])liis  tlici  li(^at  ra<liat<Hl. 
Tlio  nidiation  loss  is  iiurbi(l(Ml  b(U',aiis(5  it  is  (Miil)O(li(Hl  in  Uw.  ninio 
countod-l'or  itcMn;  tbcMc^  is  no  way  to  cstinuit-c^  it-  ('-v<'n  a]))>i'oxijnat,('ly. 

(vohiniii  i)  is  tJio  sum  of  ('-ohunns  4  and  5  and  sbows  tin;  ])art  of  tJio 
heat  vahio  tliat  was  ])ut  into  the  fiirnncc^  but  was  not  (h^bv^crcd  to  tbo 
boilor,  and  tbcirnfoic^  tlu^  boil(M-  bad  no  <',lianco  to  absorb  it.  In  case 
of  tbo  laibat.ion  loss  ])a,it,  of  tb(5  b(iat  is  lost  Ix^forc^  it  r(;a<'b(!s  tlio 
boilor,  but  most  of  it  a.ft(M-  tlu^  boib^'  Inis  first  absorb(5d  it,  and  tlioro- 
foio  it  can  not.  justly  b(^  olia,r^(^d  against  tlu^  boiler's  al)ility  as  a  li(»at 
absorbor. 

Column  7  shows  approximatoly  tbo  boat  dolivored  to  the  boiler  per 
pound  of  ''combustible"  actually  consumed. 

Column  8  gives  the  total  heat  actually  evolved  in  the  furnace  and 
delivered  to  the  boiler  per  hour;  in  other  words,  it  gives  the  rate  of 
heat  delivery. 

Column  0  shows  the  heat  actually  absorbed  by  the  boiler  per  hour, 
the  heat  being  expressed  in  terms  of  pounds  of  equivalent  water 
evaporated.     This  column  shows  the  rate  of  heat  absorption. 

Columns  8  and  9  have  been  platted  in  figure  43  with  the  values  of 
the  former  as  abscissae,  and  those  of  the  latter  as  ordinates.  The 
resulting  curve  shows  that  the  rate  of  heat  absorption  increases 
almost  directly  as  the  rate  of  heat  delivery;  that  is,  when  the  rate  of 
delivery  is  doubled,  the  heat  absorbed  is  nearly  doubled. 

Figure  43  shows  such  relation  for  the  locomotive  boiler  as  the 
upper  curves  of  figures  4,  5,  6,  and  7  show  for  the  small  boilers. 

GENERAL  CONCLUSIONS  DRAWN  FROM  TESTS  MADE  ON  LARGE  BOILERS. 

The  general  conclusion  that  can  be  drawn  from  the  above-mentioned 
tests  on  the  Normand  water-tube  boiler  and  the  locomotive  boiler 
is  that  the  principle  of  the  rate  of  heat  absorption,  developed  by  the 
experiments  with  small  boilers,  holds  good  to  a  great  extent  mth 
large  boilers.  This  principle  states  that  the  quantity  of  heat  absorbed 
by  the  boiler  increases  nearly  at  the  same  rate  as  the  quantity  of 
available  heat  supplied  to  the  boiler.  In  other  words,  the  true  boiler 
efficiency  is  nearly  constant.  To  double  the  capacity  of  a  boiler, 
double  the  heat  generated  in  the  furnace. 

If  the  furnace  temperature  is  always  about  the  same,  to  double 
the  capacity  of  a  boiler  burn  about  twice  the  weight  of  coal  and  pass 
twice  the  weight  of  gases  over  the  heating  plates;  to  triple  the 
capacity  pass  three  times  the  weight  of  gas  over  the  heating  plates, 
and  so  on.  For  most  boilers,  if  the  combustion  of  coal  is  fairlv  com- 
plete,  the  over-all  efficiency  as  well  as  the  true  boiler  efficiency  will 
remain  nearly  constant  with  almost  any  rate  of  combustion. 
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In  practice,  when  the  capacity  of  a  steam-generating  apparatus  is 
increased  the  combustion  of  the  fuel  in  the  furnace  is  less  complete 
and  the  over-all  efficiency  drops.  The  blame  for  this  drop  in  over-all 
efficiency  should  fall  on  the  furnace  and  not  on  the  boiler;  the  boiler 
generally  does  its  part  of  the  work.  Nevertheless,  it  is  not  always 
safe  to  assume  that  a  boiler  will  maintain  its  true  efficiency  on 
increasing  the  rate  of  heat  absorption,  because  many  commercial 
boilers  are  probably  working  on  the  first  part  of  their  true  boiler 
efficiency  curves,  where  the  curves  are  still  quite  steep. 


PART  III. 
ABST11A(TS    FltOM    WORKS  OF  O  III  Fit  INVESTHi  ATORS. 

SOME  PREVIOUS  EXPERIMENTAL  WORK  ON  HEAT  TRANSMISSION. 

For  many  years  tlio  oxptMinuMils  ol'  Poclet  on  tho  condiictivily  of 
motala  woi-o  widoly  acc.opicul ;  lio  separated  a  mass  of  walcr  of  ono 
tcm])(M-atum  fi-oin  a  mass  of  another  tem]>(M'aturo  by  a  iiH^ial  ])late, 
stirred  both  masses  more  or  h;ss,  and  measured  the  rate  of  lunit  trans- 
fer from  the  liot  to  tho  cokl  water.  No  ono  blames  Peck^t,  for  liis 
results  wore  far  better  than  any  one  else  had  obtained;  tho  ])lame 
for  their  continued  acceptance  rests  on  tlie  engineers,  and  even  on 
the  physicists  who  thought  no  deeper  for  years  after  the  kinetic 
theory  of  gases  and  liquids  had  become  well  known.  Probably  Prof. 
William  Thompson  (Lord  Kelvin)  was  among  the  first  to  find  the 
trouble.  In  the  first  edition  of  the  Encyclopaedia  Britannica,  in  his 
article  on  ''Heat,"  he  quotes  Peclet's  best  results  and  says  that  the 
trouble  is  to  get  the  heat  from  water  to  metal  and  from  metal  to 
water;  he  remarks  that  the  only  question  to  be  answered  concerning 
Peclet's  values  for  the  heat  conductivity  of  metals  is  whether  his 
values  are  tens  or  hundreds  of  times  too  small.  The  reader  is  referred 
to  any  recent  book  on  physics  for  a  discussion  of  recently  devised 
methods  for  obtaining  the  true  heat  conductivities  of  metals.  The 
conductivities  found  are  surprisingly  high. 

DEDUCTIONS    OF   REYNOLDS. 

In  1874,  many  years  after  the  publication  of  Peclet's  experiments, 
Prof.  Osborne  Reynolds  presented  before  the  Literary  and  Philosoph- 
ical Society  of  Manchester,  England,  a  paper  entitled  ''On  the  extent 
and  action  of  the  heating  surface  for  steam  boilers,''  in  which  he 
approached  the  problem  of  how  heat  is  imparted  to  the  heating  sheets 
of  a  boiler  by  convection.  Prof.  Reynolds  especially  mentioned 
the  influence  of  the  velocity  of  the  gas  on  the  rate  of  heat  transfer 
and  also  the  immense  value  of  the  principle  if  intelligently  applied 
in  steam-boiler  practice;  nevertheless  the  paper  was  completely 
overlooked  by  engineers  until  the  attention  of  Prof.  John  Perry  was 
accidentally  directed  to  it  a  few  years  ago.  If  a  less  able  engineer 
than  Prof.  Perry  had  examined  this  paper,  it  would  still  be  slumber- 
ing. Although  Perry  emphasized  the  practical  importance  of  the 
principles  evolved  in  Prof.  Reynolds's  paper  and  pointed  out  many 
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commercial  applications,  he  left  his  work  so  mathematically  involved 
that  it  is  about  as  good  as  sealed.  Although  his  book,  entitled  ''The 
Steam  Engine  and  Gas  and  Oil  Engines,"  has  been  out  a  number  of 
years  (publislied  in  1900),  and  other  parts  of  the  book  are  widely 
quoted,  the  part  on  the  transfer  of  heat  through  boiler  plates  has 
received  very  little  attention, 

Reynolds's  paper  is  so  clear  and  excellent  that  part  of  it  is  quoted 
below: 

The  heat  carried  off  by  air  or  any  fluid  from  a  surface,  apart  from  the  effect  of  radia- 
tion, is  proportional  to  the  internal  diffusion  of  the  fluid  at  and  near  the  surface;  that 
is,  is  proportional  to  the  rate  at  which  particles  or  molecules  pass  backward  and  for- 
ward from  the  surface  to  any  given  depth  within  the  fluid;  thus,  if  AB  be  the  surface 
and  ab  an  ideal  line  in  the  fluid  parallel  to  AB,  then  the  heat  carried  off  from  the  sur- 
face in  a  given  time  will  l^e  proportional  to  the  number  of  molecules  which  in  that  time 
pass  from  ab  to  AB;  that  is,  for  a  given  difference  of  temperature  between  the  fluid 
and  the  surface.     This  assumption  is  based  on  the  molecular  theory  of  fluids. 

Now  the  rate  of  this  diffusion  has  been  shown  from  various  considerations  to  depend 
on  two  things: 

1.  The  natural  internal  diffusion  of  the  fluid  when  at  rest.  2.  The  eddies  caused 
by  visible  motion  which  mix  the  fluid  up  and  continually  bring  fresh  particles  into 
contact  with  the  surface. 

The  first  of  these  causes  is  independent  of  the  velocity  of  the  fluid,  and  if  it  be  a  gas 
is  independent  of  its  density,  so  that  it  may  be  said  to  depend  only  on  the  nature  of  the 
fluid. 

The  second  cause,  the  effect  of  eddies,  arises  entirely  from  the  motion  of  the  fluid 
and  is  proportional  both  to  the  density  of  the  fluid,  if  gas,  and  the  velocity  with  which 
it  flows  past  the  surface. 

The  combined  effect  of  these  two  causes  may  be  expressed  in  a  formula  as  follows: 

(1)  B.=Ad-i-Bwvd, 

where  6  is  the  difference  of  temperature  between  the  surface  and  the  fluid,  vj  is  the 
density  of  the  fluid,  v  its  velocity,  and  A  and  B  constants,  depending  on  the  nature  of 
the  fluid,  H  being  the  heat  transmitted  per  unit  of  the  surface  in  a  unit  of  time. 

If,  therefore,  a  fluid  were  forced  along  a  fixed  length  of  pipe  which  was  maintained 
at  a  uniform  temperature  greater  or  less  than  the  initial  temperature  of  the  gas,  we 
should  expect  the  following  results: 

1.  Starting  with  a  velocity  zero,  the  gas  would  then  acquire  the  same  temperature 
as  the  tube. 

2.  As  the  velocity  increased  the  temperature  at  which  the  gas  would  emerge  would 
gradually  diminish,  rapidly  at  first  but  in  a  decreasing  ratio  until  it  would  become 
sensibly  constant  and  independent  of  the  velocity.  The  velocity,  after  which  the  tem- 
perature of  the  emerging  gas  would  be  sensibly  constant,  can  only  be  found  for  each 
particular  gas  by  experiment;  but  it  would  seem  reasonable  to  suppose  that  it  would 
be  the  same  as  that  at  which  the  resistance  offered  by  friction  to  the  motion  of  the 
fluid  would  be  sensibly  proportional  to  the  square  of  the  velocity;  it  having  been 
found  both  theoretically  and  by  experiment  that  this  resistance  is  connected  with 
the  diffusion  of  the  gas  by  a  formula — 

(2)  'R=A'v+B'wv''-; 

and  various  considerations  lead  to  the  supposition  that  A  and  B  in  (1)  are  propor- 
tional to  A^  and  B^  in  (2).  The  value  of  v  which  this  gives  is  very  small,  and  hence 
it  follows  that  for  considerable  velocities  the  gas  should  emerge  from  the  tube  at  a 
nearly  constant  temperature  whatever  may  be  its  velocity. 
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This,  an  I  am  uboul,  lo  point  out,  is  in  a<<()r<laiHM  with  what  Iijim  l)c«n  ()t)M<'rv(-<l  in 
tiihtiliir  l)oil('rMUH  Wfll  uh  in  morn  dclinilc  cxjK'rinn'nlM, 

III  tilt!  locomolivd  lli(!  l«'ii),'lli  of  llic  hoilrr  is  limiltd  l>y  thf  Idij^tli  of  lln-  tulx-  ti<«-. 
essary  to  cool  tlm  air  from  the?  (ir<<  down  to  a  nTl-ain  U'lnpcratun*,  nay  50()°  V. 

Now,  thcro  (locH  not  Hccm  to  bc^  any  gcuwral  ruin  in  j)raclic<»  for  rli'ti-rminin^  thii! 
length,  tlu)  longtli  varying  from  I(J  fret  to  an  liltli'  an  0  ff«'t,  but  whatever  thn  projKir- 
tions  may  hv,  each  (Miginn  furniHhcH  a  means  of  comparing  (he  cfrnii  nry  of  tho  tuben 
for  high  and  low  velociticH  of  tlui  air  through  lln-m.  It  haw  b«'( n  a  matter  of  Murpri>wi 
how  completely  the  .steam-produeiiig  powiT  of  a  IxWler  appears  to  rin"  wilh  the  strength 
of  blast  or  tin;  work  rcMjuired  from  it,  and  as  the  boilers  are  as  economical  when  working 
with  a  high  blast  aa  with  low,  the  air  going  up  {\ui  chimney  can  not  have  a  much 
higher  tcmperaturo  in  the  one  (.'ase  than  in  the  other.  That  it  should  be  somewhat 
higher  is  strictly  in  accordance  wilh  the  theory  as  stated  above. 

It  must,  however,  be  noticed  that  the  foregoing  conclusion  is  based  on  the  aHHump- 
tion  that  the  surface  of  the  tAib(»  is  kept  at  th(}  same  constant  temperature,  a  condition 
which  it  ia  easy  to  see  can  hardly  be  fulfilled  in  practice. 

WORK   OF   PERRY. 

It  was  from  this  paper  l>y  Prof.  Reynolds  that  Prof.  Perry  took 
his  cue  and  later  developed  the  theory  set  forth  in  his  before- 
mentioned  book  on  ''The  Steam  Engine  and  Gas  and  Oil  Engines.'* 
The  following  is  a  brief  abstract  of  Prof.  Perry's  work: 

When  fluid  is  in  motion  filling  a  pipe,  we  know  that  there  is  a  thin  film  or  layer  of 
fluid  entangled  among  the  molecules  of  the  solid  surface  which  is  at  rest,  that  is,  it 
has  no  average  velocity  relatively  to  the  solid.  Let  us  consider  how  heat  gets  into 
this  film  from  the  moving  fluid.  It  is  diflficult  to  say  whether  one  ought  or  ought 
not  to  take  entrance  of  heat  to  this  layer  of  motionless  fluid  as  entrance  to  the  metal 
itself.  There  is  equalization  of  the  momentum,  and  there  may  be  equalization  of 
the  temperature. 

Now,  suppose  n  molecules  per  second  to  enter  this  layer  and  the  same  number  to 
leave  it;  each  of  them  enters  with  an  average  kinetic  energy  proportional  to  T,  the 
average  temperature  (absolute)  in  the  pipe,  and  leaves  with  t^  the  temperature  of  the 
layer,  and  an  average  momentum  in  the  axial  direction  proportional  to  v  if  v  is  the  aver- 
age axial  velocity  in  the  pipe. 

There  is  a  want  of  exactness  in  my  definition  of  these  averages  which  is,  I  think,  the 
only  weakness  in  this  investigation.  Now,  axially  directed  momentum  given  to  the 
layer  per  second  is  what  we  mean  by  force  of  friction  F. 

So  that  per  unit  area, 

(3)  Focnv, 

and  the  heat  H  or  kinetic  energy  per  second  per  unit  area 

(4)  Hocn(T-0. 
Hence, 

(5)  HccF(T-ii)-j-?;. 

Of  course,  when  i;  is  0  we  can  not  use  (3)  in  (4)  to  find  (5),  but  we  shall  only  use  our 
equations  in  cases  where  v  has  some  value. 

In  the  standard  books  on  friction  of  fluids  in  pipes,  the  law  is  given 

(6)  Focwv^ 

where  w  is  the  weight  of  the  fluid  per  unit  volume,  and  v  is  the  average  axial  velocity 
in  the  channel.     I  am  informed  by  Prof.  O.  Reynolds  that  the  results  of  his  1883 
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paper  in  the  Philosophical  Transactions  are  applicable  to  gases,  and  taking  his  index 
there  as  2  we  have  the  same  formula  as  (6);  (5)  and  (6)  give  us 

(7)  B=C'wv{T-ti) 

where  C^  is  a  constant. 

Perry's  ocjuation  (7)  is  the  same  as  Osborne  Reynolds's  equation 
(1)  if  the  first  term  on  tlie  right  side  of  the  equation  is  made  to  equal 
zero.  It  is  tlierefore  more  correctly  applicable  only  to  cases  where 
the  motion  of  the  gas  exceeds  the  critical  velocity. 


EXPERIMENTS    BY    STANTON. 

In  the  Philosophical  Transac- 
tions of  the  Royal  Society  of  Lon- 
don, volume  190  (year  1897),  pages 
67  to  88,  is  an  excellent  paper  by 
T.  E.  Stanton,  entitled  ''Passage 
of  heat  between  metal  surfaces  and 
liquids  in  contact  with  them.'' 

The  paper  is  based  on  the  results 
of  experiments  with  tw^o  streams 
of  water  at  different  tempera- 
tures. These  two  streams  were 
forced  at  varying  velocities  through 
two  concentric  tubes,  one  sur- 
rounding the  other.  The  results 
showed  that  at  quite  different  ve- 
locities the  change  in  temperature 
produced  by  a  stream  while  pass- 
ing a  given  length  of  the  tubing 
was  very  much  the  same;  that  is, 
twice  as  much  heat  passed  through 
the  inner  tube  when  the  ve- 
locity of  the  flowing  streams  was 
doubled. 


08  CM.  (.032  IN) 


Figure  44. 


-Diagrammatic  representation  of  Stan- 
ton's apparatus. 


Stanton's  work  was  so  well  done,  and  the  experimental  results  so 
thoroughly  studied  and  presented,  that  it  deserves  the  widest  pub- 
licity ;  nevertheless  it  is  almost  unknown  in  the  United  States.  Incor- 
porated with  the  data  is  some  excellent  mathematical  work  which, 
however,  has  perhaps  caused  many  readers  to  turn  away.  The  authors 
of  this  bulletin  are  not  especially  fond  of  mathematical  theory,  but 
the  treatment  in  Stanton's  paper  is  so  admirable  that  they  have 
decided  to  transcribe  some  of  the  paper,  annotated  throughout.  They 
would  not  have  done  this  except  that  the  transactions  of  the  Royal 
Society  are  in  only  a  few  of  the  large  libraries  of  this  country. 

The  apparatus  used  by  Stanton  consisted  essentially  of  two  metal 
tubes  placed  vertically,  one  inside  the  other,  with  a  thin  annular 
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8])aco  betwcHUi,  us  iiidicnhMl  in  (i;^iir(^  4\.  '\\n^  iinittcr  followin;^  is 
either  ])ani,])hnis('(l  oi-  (jiiolcd,  mikI  nil  j)}issaj]jes  occurring  within 
bracketiH  arc^  insorlcMl  as  (^xphiiiations  by  i\u^  authors  of  this  hiillctin, 
and  iniist  h(^  t.aki^n  solcl}^  as  (Iw*  hit.tcr*  niillioi's'  upininiis,  not  in  aiiv 
dogre(>  ])iii(liii<i^  on  Mr.  Slniiloii  oi-  othci's: 

WluM)  (lui  (|ii:i,M(ili('H  of  wilier  llowiii^';  lliroii^^li  hiixt  Ali  aii'l  llir()ii";h  iii<-  iiniiular 
ppaco  JKT  Hccond  wero  (»(iuiil,  llm  Icmpcrahinf  <»f  (In-  iii('i:il  of  hilx"  AH  wan  Uk*  kuikj 
atall  J)oiii(,Hiil()nj<itHlcnjj;(h;  flmcoolcr  wator  (lowrd  down  (li<*  i)ij)t'  A  15 ,  :ui<l  (h<*  warriHT 
wafer  down  (he  aiimilar  Hj)a('e  around  AH, 

Tho  <ein])era(iir(i  of  (ho  l)il)<'  a(.  any  ctohh  n(!c(ion  will  no(  n«'cesHurily  be  (lie  nieuii 
botvvoon  T  and  t  [which  arc  (ho  (enijH'ra(uroH  of  tho  wator  innid*!  and  ou(»'<ido  of  AB  at 
any  point  under  discuMHionJ  at  (hat  Heclion,  but  if  tho  tofal  toniperaturo  fall  ho  HniuU 
{(i°  C.  or.lciHn),  then  undor  tho  foilowinj^  conditions  of  flow  wo  may  fairly  aHsunio  that 
tho  ra(io  of  (ho  dilTereneo  of  t<!ni])eraturo  l)otw'oen  (jacket  water  and  wall;  and  hotwoon 
(wall  and  wa(er  in  AB)  is  constant  for  tho  wholo  lonjj;th  of  pipe,  an<l  henco  that  the 
t(Mn})cratur(i  of  tlu^  ]>ipo  is  (ho  same  lhrouji:hout  its  hni^di,  ["The  condition  of  flow  " 
is  that  tho  velocities  of  both  streams  of  wator  bo  above  their  critical  velocities,  that  is, 
above  thovso  velocities  at  which  parallel  stream  linos  give  way  to  continuous  and 
violent  eddyingj 

DESCRIPTION    OF   APPARATUS, 

Throe  siuoa  of  internal  pipe  (AB)  were  used,  of  drawn  copper,  each  48  cm.  [10  inches] 
long,  of  0.08  cm.  [0.032  inch]  thickness  of  walls,  and  of  internal  diameters  of  1.39,  1.07, 
and  0.736  cm.  [0.55,  0.42,  and  0.29  inch].  The  [outside]  jacket  pipes  were  of  brass,  the 
widths  of  the  jacket  spaces  being,  respectively,  0.165,  0.65,  and  0.16  cm.  [0.005,  0.26, 
and  0.003  inch]. 

The  temperature  of  the  copper  pipes  was  accurately  obtained  by  measuring  their 
change  of  length,  this  change  being  shown  on  a  scale  by  a  multiplying  lever. 

All  parts  which  it  was  essential  to  keep  warm  or  cool  were  carefully  lagged  with 
cotton  wool. 

RESULTS    OF    EXPERIMENTS. 

Let 

To=the  temperature  of  the  inner  surface  of  the  [inside]  pipe  in  degrees  cen- 
tigrade, 
t=the  mean  temperature  of  the  water  in  the  [inside]  pipe  at  any  cross  section, 
i^=the  velocity  of  the  water  through  the  [inside]  pipe  in  centimeters  per 

second, 
p=the  pressure  of  the  water  [apparently  in  centimeters  of  mercury], 
r=the  [inside]  radius  of  the  [inside]  pipe  in  centimeters, 
and  L=the  length  of  the  pipe  in  centimeters. 

''Then,  for  a  small  element  of  the  internal  surface  of  the  [inside]  pipe=2-rc/?,  we 
may  write,  for  the  case  of  transmission  of  heat  from  metal  to  water,  Heat  transmitted 
[per  second] =c?H=K'2rr6?r<;6(To,  t,  (Tg— i)*p,v,r),  where  Kand  the  function  (f)  are  to 
be  determined  by  experiment. 

"Each  variable  in  the  above  equation  was  studied  separately.  To  determine  the 
effect  of  V  (velocity  of  water),  series  of  experiments  were  made  at  various  velocities,  in 
which  values  of  Tq,  t,  (Tq  —  I),  p,  and  ?'  remained  constant. 

As  to  variations  of  pressure  of  water  only  (p),  between  1  and  2  atmospheres,  the  rate 
of  heaS  transmission  was  ' '  practically  independent  of  pressure. ' ' 

As  to  variations  in  velocity,  '  *  the  heat  transmitted  for  the  given  range  of  tempera- 
ture is  nearly  proportional  to  the  velocity  of  the  water,  even  when  (Tq— ^)  varies 
between  5°  and  40°  C."  [(Tg— 0  is  the  diffsrence  in  temperature  between  the  inner 
surface  of  the  metal  pipe  AB  and  the  water  flowing  in  its  interior.] 
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As  to  the  effect  of  varying  the  ranges  of  temperature:  "Now,  if  the  heat  transmitted 
under  these  conditions  varied  simply  in  [with]  the  range  of  temperature,  we  should 
have  had  for  the  whole  surface  of  the  pipe 

C{To- t)d8=Wdt 

or  CiS=W  log  ^"^'- 

where  S=the  whole  surface  of  the  pipe, 

Ci=a  constant, 
and     W=weight  of  water  flowing  through  the  pipe  per  second. 

T  —t 
"Now,  the  values  of  log  ^r — r-  for  the  experiments  quoted  are  0.222,  0.218,  and 

to     h 

0.213,  respectively,  which  show  that  the  heat  transmitted  is  proportional  to  (Tq  —  I) 
multiplied  by  a  function  of  the  temperature  Tq."  [That  is,  it  appears  that  the  rate  of 
impartation  of  heat  from  the  copper  to  the  cooler  water  at  any  point  where  the  tem- 
perature of  the  inside  surface  of  the  metal  is  To  and  that  of  the  water  t,  is  not  directly 
proportional  to  the  temperature  difference  between  the  metal  and  the  water  (Tq  —  I), 
but  increases  a  little  with  increasing  temperature  of  the  metal,  all  other  things  equal.] 

As  to  the  effect  of  varying  the  initial  temperature  of  the  water,  t,  flowing  down  the 
inner  pipe,  while  keeping  constant  the  temperature  difference  between  the  inner 
surface  of  the  copper  pipe  and  the  entering  water  in  it  (Tq  — ^i),  and  also  while  keeping 
constant  the  velocity  of  the  water,  v,  and  the  radius  of  the  pipe,  r,  results  under  these 
conditions  show  a  considerably  higher  rate  of  heat  transmission  at  higher  initial  tem- 
peratures [care  being  taken  to  raise  the  temperatures  of  the  inner  surface  of  the  copper 
tube  and  the  water  an  equal  number  of  degrees,  so  as  to  keep  constant  the  temperature 
difference  between  the  two  (To  — ^i)]. 

For  a  pipe  of  given  diameter  experiments  seem  to  show  that  the  rate  of  heat  trans- 
mission from  the  pipe  to  water  flowing  through  it  is  given  by  an  expression  of  the  form 

(8)  d-R=K-27:r'dl-{To-t)-f(v)'F{To)-0{t) 

[Where  <7H=an  extremely  small  quantity  of  heat  transmitted  in  an  extremely  short 
length  of  the  inner  pipe  in  a  unit  of  time; 
27rrc?Z=the  internal  area  of  an  extremely  short  length  of  a  tube  I  cm.  long  (I  being 
of  course  a  very  small  fraction  of  1  centimeter)  and  r  cm.  in  internal  dia- 
meter; 
(Tq— i!)=the  temperature  difference  between  the  inner  surface  of  the  metal  tube  at 
the  cross  section  under  discussion  and  the  water  at  that  section  (this 
section  being  anywhere  along  the  length  of  the  tube) ; 
/(t')=a  function  of  the  velocity  of  the  water  in  the  pipe; 
F(To)=a  function  of  the  temperature  of  the  inside  of  the  tube  at  that  cross  section 
(supposed,  moreover,  to  be  the  same  all  along  the  tube); 
and  0{t)=a,  function  of  the  temperature  of  the  stream  of  water  at  the  cross  section 

under  discussion]. 
It  is  also  seen  that  the  values  of  F(To)  and  ^{t)  do  not  vary  much  from  unity  and 
may  probably  be  put  in  the  forms 

F(To)=l+a:To  and  0(t)=l+^t, 

where  or  and  ^  are  constants  to  be  determined  by  experiment.  [That  is,  it  is  probable 
that  the  increase  in  the  rate  of  heat  transmission  resulting  from  a  higher  inside  tempera- 
ture of  the  pipe  (T(,),  is  increased  (or  diminished)  some  certain  small  amount  for  each 
additional  degree  centigrade;  and  it  is  probable,  too,  that  the  rate  is  also  increased 
(or  diminished)  some  other  certain  small  amount  for  each  additional  degree  of  tem- 
perature of  the  water  at  that  cross  section,  a  and  /?  are  very  small  decimals  of  con- 
stant value.] 
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Again,  it  m  mnm  that,  tho  Imat  tranHiiiittod  in  nearly  j)roi)orti<)nal  to  the  voUxMly  of 
th«  water,  jn^rhapH  (5x])r(»nn(»<l  })y  hoiik^  lujiiatifiu  of  tim  form 

/(i;)=V", 

whoro  7i=a  mirnlxT  a  litt.lo  1«hh  than  unity,  to  bo  d«t«rmin<!(l  l)y  (ixix^rimontH  at 
varying  velocity.  [That  in,  it  in  likely  that  th(»  increjiHii  in  the  r;it(5  of  heat  tniriH- 
miHHion  docH  not  qiiito  keep  up  with  an  increaHO  in  the?  vcflocity  (»f  water  (lowing 
through  tho  pipe,  all   other  thingH  being  0(pial.  | 

In  e<juation  S  the  vahui  of  K  nuiy  (hf])en(l  on  the  <|iamet45r  of  tho  pip<'  and  tho  nature 
of  itH  Hurfjiee. 

ExjH^rinients  made  on  the  (lir(*(i  (•(►j)])er  ]n\)OH  \.'M,  1.07,  and  0.7.36  em.  in  diainot^T 
did  not  indicate  what  tho  relation  waH  botwoen  H  and  r,  except  that  variation  in  pipe 
diann^teir  ftwic(^  r]  had  litth?  <'rf(M-t. 

It  iw  Hhown  in  i\ui  theory  that  tho  heat  tranHmitwion  iH  proportional  to  the  value  of 
rn-^^  where  71=1.84  approximately.  |ln  wordn,  the  rate  of  heat  tranHmi.HHion  iH  not 
quite  doubled  by  doubling  (lie  diain<'ler  of  tlu^  tulx',  nor  tripled  ])y  tri[)ling  the 
diameter,  etc.]  This  would  make  the  heat  tranamission  acrosH  unit  area  of  thoHurface 
of  the  HmalloHt  pipe  (diameter  0.73G  cm.  in  diameter)  about  10  percent  greater  than 
across  unit  area  of  the  largest  pipe  (diameter  1.39  cm.)  under  the  same  conditiona  of 
flow  and  temperature. 

GENERAL  THEORY. 

According  to  this  theory  [of  Prof.  Osborne  Reynolds]  the  motion  of  heat  from  the 
surface  of  the  pipe  follows  the  same  laws  as  the  motion  of  njomentum  to  the  surface, 
whether  by  conduction  or  convection  (though  not  by  radiation  and  absorption  through 
the  material,  which  unquestionably  plays  an  important  part  in  the  so-called  conduc- 
tion of  water). 

Take  x  as  the  direction  of  motion  of  the  water. 
Let  r=the  radius  of  the  pipe, 

t=the  temperature  of  the  water  [at  any  cross  section], 
To=the  temperature  [of  the  inside  surface]  of  the  pipe, 
tt;=the  weight  of  unit  volume  of  water, 
p=the  pressure  of  water  per  unit  area, 
W=the  weight  of  water  discharged  per  second, 
i;=the  velocity  of  the  water  through  the  pipe, 
P=(l+0.0336^+0.000221tV, 
and  A,  B,  and  n  be  constants  depending  on  the  nature  of  the  surface. 

[According  to  Prof.  Osborne  Reynolds's  results  and  deductions  (at  least  for  small  or 
medium-sized  tubes),  the  critical  velocity  is 

p 

V  critioai=g4^  feet  per  second, 

Where  ^=diameter  of  tube  in  feet, 

and  P  is  a  number  getting  smaller  with  rising  temperature  according  to  the  formula 

P=(l+0.0336«+0.000221i2)-i 

It  is  evident  that  the  warmer  the  water  the  lower  the  velocity  at  which  eddying 
begins.  Temperatures  are  all  in  degrees  centigrade.  This  value  for  P  was  experi- 
mentally obtained  by  Prof.  Reynolds  in  some  researches  previously  made.] 

Then  above  the  critical  velocity  the  loss  of  pressure  is  given  by  the  equation: 


96  THE   TRANSMISSION    OF   HEAT  INTO   STEAM   BOILERS. 

Writing  this  in  the  form 

Now,  in  (9)  Tzr^  (-/~)  ^^  the  loss  of  momentum  due  to  diffusion  and  convection,  bo 
that,  according  to  tlie  above  theory,  substituting 


W^^  for  Tzr'  ^/  and  W(To-0  for  ^, 

dX  dX  V      "  /  g      i 


A 


\n 


the  equation  for  the  passage  of  heat  will  be 

or,  writing  \V=wv7tr'^,  the  slope  of  temperature  along  [down]  the  pipe  is  given  by 

dx     k    w  (2r)3-^^       '^^o    ^^ 

This  is  on  the  supposition  that  the  conductivity  of  the  water,  as  compared  with  the 

viscosity,  does  not  enter;  but  as  it  probably  does,  for  ultimately  it  is  by  conductivity 

that  the  heat  passes  from  the  walls  of  the  pipe  to  the  water,  there  will  probably  be  a 

(c) 
coefficient/y ,  the  form  of  which  can  be  determined  by  experiment. 

APPLICATION    OF  PROF.    REYNOLDS's   THEORY  TO   THE    EXPERIMENTS. 

Assuming  the  variation  in  the  value  of  t  to  be  small,  say  not  greater  than  6°  C.  in 
the  whole  length  of  the  pipe,  then,  integrating  equation  (11), 

where     ii= temperature,  in  °C.,  of  water  entering  the  [inside]  pipe, 

^2= temperature,  in  °C.,  of  water  leaving  the  [inside]  pipe, 

L=the  length  of  the  pipe  in  centimeters, 

and  P2 — «=the  mean  value  of  p2— ■»  for  the  water  all  along  the  inside  of  the  pipe. 

Now,  from  equation  (12)  the  value  of  n  can  be  determined  by  a  set  of  experiments 

in  which  P^ — ^  has  the  same  value  in  each.     This  was  done  by  platting  the  logarithmic 

T  — ^ 
homologues  of  log  j^ — ■-  and  v,  when  it  was  found  that  the  points  platted  lay  all 

approximately  on  a  straight  line,  there  being  no  systematic  deviation. 

For  the  three  pipes  used  in  the  experiments  the  slopes  of  the  logarithmic  homologues 
were  found  to  be : 

For  pipe  I,  1.390  cm.  diameter,  slope=— 0.140,  or  n=1.86. 

For  pipe  II,  1.070  cm.  diameter,  slope  =—0.175,  or  n=1.825. 

For  pipe  III,  0.736  cm.  diameter,  slope=— 0.170,  or  n=1.83. 

In  pipe  I  the  velocities  of  the  water  had  values  between  28.7  and  123.2  cm.  per 
second. 

In  pipe  III  the  velocities  of  the  water  had  values  between  60  and  393.7  cm.  per 
second. 

It  will  be  seen  that  the  values  of  n  given  above  correspond  with  the  values  we  should 
expect  to  find  for  smooth  copper  pipes  from  the  law  of  resistances,  the  value  for  glass 
being  about  1.73,  and  for  smooth  metal  rather  higher,  rising  to  2  for  rough  metal  sur- 
faces. 

EFFECT   OF   VISCOSITY  AND   CONDUCTIVITY. 

If  the  conductivity  of  the  water  at  the  bounding  surface  be  neglected,  then  for 
experiments  at  constant  velocity  equation  (12)  gives  the  value  of 


log 


Iq     ^"^ 


p2— n 
constant  for  different  values  of  t. 
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On  n^loronco  In  llin  rcHtillH  ^ivcit  in  llin  lai)IoH  [iiol  priiiUul  in  iImh  liiillot inj,  it  in 
80(MJ  lluit  tho  vuliKi  of  (IiIh  (fXpH'H.-iion  rirtciM  with  llio  vulim  <»f  llm  nnnin  loinpcruliiro 
(t„^)  of  tluj  wal<^r,  whicli  hcmmiih  lo  hIiuw  (hal,  (Im  coiidurlivil  y  «»f  (Im  walor  ul  llm 
boundary  Iwih  an  ('ffccl . 

It  was  uIho  H<M>n,  ill  llxt  4*x|)nriiii<-nlH  (jmoUmI  aWovc,  lliiti  ilm  hcut  IruiiHinillftd 
(l(^|miHl(!(l  on  llic  NiiliicH  of  T,,  and  /.sind  (li;il  lliis  rffoci  woidd  Im- rrprfiHi-nlcd  hycfMjf- 
ficicnlM  of  (lio  form 

(l+n'T„)and(l  \fU). 

•  [Tluit  in,  roM-^ddy  Hpoakin^,  llio  r:d(<  of  lual,  IranHininHJon  InrroaHOfl  Romo  fcrtain 
flniall  anionrd.  for  each  addilionnl  dc^'rct^  of  Icmpi'raltin'  of  tlw  iriHidf;  Hiirfarj*  of  Iho 
co])p('r  1u))(',  and  also,  indcpcndcnlly,  Hoin(i  oilier  certain  nniall  aniounl,  for  each  addi- 
tional do^roo  of  toniperat ur(>  of  tho  water  insidn  the  inner  tube.  ThoHc;  hli)^ht  incroaHOfl 
aro  over  and  above  the  inereaHea  (hie  to  iiuTeaHinjjj  tho  temperature  differ(!nccfl(To  — 0 
between  tlie  metal  and  th(^  water.  At  hi<j;her  temperatures  water  is  "thinner"  in 
tho  sense  of  having  lower  viscosity,  in  which  fact  lies  this  (ixplanation.j 

From  experiments  at  constant  values  of  v  and  /,„,  the  value  of  n  is  found  to  be 
<'i'=0.001,  and  that  of  [i  is  /?=0.01.  The  slope  of  tho  temperature  of  the  water  in  the 
pipe  is  then  given  by 

[The  physical  meaning  of  this  equation  may  be  rather  loosely  explained  as  follows: 
Tho  rise  in  temperature  of  the  water  while  passing  down  any  extremely  short  portion 
of  the  pipe  is  proportional  to  several  factors:  First  to  the  constants  B,  n,  and  A,  which 
are  dependent  on  tlie  nature  and  condition  of  the  internal  surface  of  the  pipe,  and 
for  any  one  pipe  remain  the  same  (unless  the  pipe  be  cleaned  or  polished,  for  instance); 
second,  to  the  value  of  gravity  (constant)  and  inversely  proportional  to  the  weight  of 
a  cubic  centimeter  of  the  water  at  the  cross  section  under  discussion,  a  weight  that  is 
nearly  the  same  all  along  the  pipe;  third,  to  a  small  extent  on  the  magnitude  of  the 
factor  P  (previously  described),  and  inversely  proportional  to  the  diameter  of  the 
pipe  raised  to  a  little  over  the  first  power,  (2r)^~^;  fourth,  to  the  velocity  of  the  water 
raised  to  a  very  small  negative  power;  that  is,  the  velocity  of  the  water  affects  very 
slightly  the  temperature  rise  per  unit  length  of  pipe,  the  rise  decreasing  a  little  with 
increasing  velocities;  fifth,  to  the  temperature  difference  between  the  inner  surface 
of  the  pipe  and  the  water  {Tq  —  I);  sixth,  to  the  temperature  of  the  inside  surface  of 
the  pipe  to  a  very  slight  extent,  being  increased  about  four-tenths  of  1  per  cent  for 
each  degree  centigrade;  seventh,  to  the  temperature  of  the  water  to  a  very  slight 
extent,  being  increased  about  1  per  cent  for  each  degree  centigrade.] 

Now,  for  smooth  metal  pipes  the  value  of  B'^  may  be  assumed  as  nearly  constant,  so 
for  a  pipe  of  given  length  and  diameter,  in  which  the  surface  temperature  is  constant, 

(2r)3-"7;2-n  Iq„  Tojzii 
(14)  M  _  To-<3 

A^i— p^n  (l+^To)  (l+/3«ni) 

where  ^  is  a  constant  depending  on  the  nature  of  the  surface  of  the  pipe. 

[The  commentators  see  no  way  to  state  clearly  the  physical  meaning  of  this  equation; 
it  is  used  to  determine  the  value  of  k,  which  is  a  factor  that  engineers  desire  to  be 
large,  for  the  rate  of  heat  impartation  is  directly  proportional  to  the  magnitude  of  k. 
As  will  be  shown,  h  is  larger  when  the  flow  of  heat  is  from  metal  to  water  than  when  it 
is  from  water  to  metal.] 

For  the  ranges  of  temperature  obtained  in  these  experiments  no  sensible  error  is 
introduced  by  taking  the  mean  values  of  P^"'^  and  t  for  the  experiment  and  substi- 
tuting them  in  equation  (14).    When  the  variation  in  t  is  considerable,  equation  (13) 
must  be  integrated  more  exactly. 
57537°— Bull.  18—12 7 
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Applying  equation  (14)  to  the  results  of  the  experiments  on  the  three  copper  pipes, 
the  values  of  k  are  found  to  be: 


Pipe. 

Diameter. 

Length. 

Value  of  fc. 

Numher 
of  ex- 
periments. 

Maximum. 

Minimum. 

Mean. 

I 

cm. 
1.39 
1.07 
.730 

cm. 
47.0 
44.5 
40.0 

0. 0108 
.0104 
.  0103 

0.0104 
.0100 
.Oa)9 

0.0106 
.0102 
.0100 

22 

II 

13 

Ill 

1£ 

If  W=  the  weight  of  water  flowing  through  the  pipe  in  grams  per  second,  equa- 
tion (13)  may  be  written 


(15) 


df  p2-W 


which  gives  for  the  transmission  of  heat  from  metal  to  water  per  square  centimeter 
of  the  surface  of  the  pipe 


(16) 


4  *  (2r)2-« 


(To-0(l+«To).(l+/?0^"- 


H  =  number  of  gram-degrees  [small  calories]  per  second. 
[This  equation  is  one  of  the  goals:  It  states  specifically  the  amount  of  heat  that  any 
small  length  of  the  copjjer  pipe  will  transmit  to  cooler  water  flowing  through  it,  pro- 
viding the  velocity  of  the  water  is  sufficiently  high  to  keep  up  constant  eddying; 
for  an  ordinary  clean  copper  surface  n  will  equal  about  1.835,  as  found  herein.  For 
rough  surfaces  and  for  other  metals  it  will  not  be  widely  different.  Inasmuch  as  the 
values  of  all  other  letters  are  known  in  any  one  case,  the  number  of  calories  imparted 
per  second  may  be  calculated  for  any  short  length  of  tube,  say,  1  cm.  The  value  of 
H  for  the  whole  length  of  the  tube  is  obtainable  preferably  by  integration,  but  the 
result  can  be  approximately  attained  by  a  step-by-step  process,  which  will  not  be 
gone  into  here.] 

CASE    OF  TRANSMISSION    OF  HEAT   FROM    WATER  TO   METAL. 

"The  theory  for  this  case  is  the  same  as  in  the  transmission  of  heat  from  the  surface 
to  the  water,  so  far  as  convection  of  the  heat  is  concerned.  It  seemnd  probable  also 
that  the  conductivity  coefficients  would  be  the  same,  but  on  experiment  they  were 
found  to  differ,  the  viscosity  in  this  case  having  a  much  greater  effect.  The  result 
of  the  experiments  was  that  the  heat  transmitted  was  nearly  inversely  proportional 
to  the  mean  viscosity  of  the  film  of  liquid  at  the  surface,  so  that  the  conductivity 

coefficient  can  be  put  in  the  form  p— ,  in  which  V^  is  the  mean  value  of  P  for  the 

experiment,  and 


P=|n-0.0336('^^^^4-0.  0002211 


[This  value  for  P  is  to  be  used  precisely  the  same  as  the  previous  one  explained  on 
page  95;  the  important  distinction  is  that  the  simpler  one  is  to  be  used  when  the 
metal  is  warmer  than  the  water,  and  this  one  when  the  water  is  warmer  than  the 
metal.] 

For  this  case  equation  (13)  now  takes  the  form 


(17) 


dx 


A 
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"Tho  roHiillH  of  cxiKTiiiiciilH  hkkIc  iiiidcr  ihow*  coiiditionM  aro  given  in  TaMc  V 
f()njit(.(Hl  from  IIiIh  build  in],  and  (li«'  vulut'M  «)f  k  are  ralcnialcfl.  TJieHo  valuen  do  not 
hIiow  <ini(,(<  Hiicli  u  lii^li  d«'j^r('(!  of  conHiHl.cncy  aH  tin;  valucH  of  k  <l<;<lur('d  from  tho 
other  cxperimenlH,  hul,  IIjIh  iH  probably  duo  to  th<»  dillieulty  of  working  under  Iho 
^ivoneondltioiiH.  Other  ex|»erimenlH  in  which  th«*  heat  flo\ve<l  from  wafer  to  metal 
were  made,  ])ut  alvvayH  with  the  n-Hult  that  lh(^  lieat  (raiiMmitted  waHwenHibly  inverHely 
proportional  to  tli*^  mean  vineoHity  of  I  he  film  at  the  Murfaee,  tho  deviation  never  ])ein^^ 
grealc^r  than  7  jx'r  <<'m(  ." 

[In  Tabh^  Y  tlu^  value.s  of  k  were  0.007-1:^,  0.00721),  0.00778,  0.0070:{,  and  0.()()/(io, 
avera^'in^  0.()()7r)r),  wliicli  \h  only  ihrec-jpiurlerH  an  larj^c;  aH  wlien  the  flow  of  heat  in  in 
the  other  direction;  tliat  in,  th(^  flow  of  heat  from  water  to  metal  \h  only  75  per  cent  afl 
rapid  as  from  metal  to  water,  all  other  eonditions  beiti};  tho  Hamc;;  of  course  thiH  is 
known  to  be  true  only  within  the  ran<2;(^  of  these  <'xp<'rimentH.] 

WORK    OF   NICOLSON. 

In  January,  1909,  eTolin  T.  Nicolsoii,  jji-ofessor  of  mcclinniejil  cn^^i- 
necring  at  tho  University  of  ^ranclioster,  dolivercd  a  IccAuro  on  lieat 
transmission  boforo  the  Junior  Institute  of  Enginoc^rs.  In  tliis  k',c- 
ture  he  discussed  tho  resuUs  of  Jieat-transniission  exj)eriments  mado 
on  a  modified  Cornisli  boiler  and  on  smnll  hiboralory  aj)paratus. 
A  full  account  of  his  lecture  is  given  in  Engineering  of  Eebruaiy  5  and 
12,  1909.  Since  the  results  of  Prof.  Xicolson's  experiments  and  his 
deductions  therefrom  contribute  much  toward  establishing  the  laws 
of  heat  transmission  into  steam  boilerSj  a  brief  statement  of  the  sub- 
stance of  his  lecture  is  given  in  the  following  paragraphs. 

In  his  lecture  Prof.  Nicolson  discussed  mainly  two  sets  of  experi- 
ments, one  on  a  large  boiler,  and  one  on  a  small  laboratory  apparatus. 

The  large  boiler  used  was  an  ordinary'  Cornish  boiler  6  feet  6  inches 
in  diameter,  and  26  feet  long.  It  had  a  furnace  flue  41  inches  in 
diameter,  consisting,  as  usual,  of  short  lengths  jointed  with  Adamson 
rings.  The  first  6  feet  of  the  flue  from  the  front  end  was  occupied 
by  an  ordinary  grate  having  an  area  of  19  square  feet;  the  second 
portion,  about  8  feet  long,  back  of  the  bridge  wall,  was  lined  with  fire 
brick,  and  formed  a  combustion  chamber;  the  third  portion,  about 
10  feet  long,  was  nearly  filled  wdth  a  cylindrical  vessel  made  of 
boiler  plate  that  measured  39  inches  in  outside  diameter  and  con- 
tained water.  The  front  end  of  this  vessel  was  closed  by  a  domed 
head.  Thus  an  annular  space  about  1  inch  wide,  40  inches  in  mean 
diameter  and  10  feet  long  was  formed  between  the  inside  surface  of 
the  flue  and  the  outside  of  the  water  vessel.  Through  this  annular 
space  all  the  products  of  combustion  were  forced. 

When  about  1,200  pounds  of  coal  were  burned  per  hour,  the 
products  of  combustion  were  cooled  from  a  temperature  of  about 
2,300°  F.  in  the  combustion  chamber  to  800°  F.  at  the  outlet  from 
the  annular  space.  At  this  rate  of  combustion  the  quantity  of  heat 
transmitted  per  square  foot  of  heating  surface  per  hour  was  about 
34,450  B.  t.  u.,  which  gave  1  boiler  horsepower  on  less  than  1  square 
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foot  of  heating  surface.     The  velocity  of  gases  in  the  annular  space 
at  this  rate  of  working  averagcnl  about  330  feet  per  second. 

The  pressure  dro])  of  gases  tlirough  the  annular  space  was  the 
equivalent  of  more  than  7  inches  of  water.  To  move  this  large 
volume  of  gases  against  this  i)ressure  about  13.5  actual  horsepower 
were  required  to  drive  the  exhaust  fan.  Allowing  4  pounds  of  coal 
per  horsepower  hour,  the  coal  consumption  by  the  fan  would  be 
13.5X4  =  54  pounds  of  coal  per  hour,  or  about  4.5  per  cent  of  the 
total  coal  consumed.  Although  this  amount  of  fan  work  may  at 
first  thought  seem  large,  it  compares  favorably  with  the  fan  work  re- 
quired to  operate  boilers  at  their 
present  low  rates  of  working. 

In  1905  Prof.  Xicolson  made 
some  experiments  with  a  small 
laboratory  apparatus  for  the  pur- 
pose of  studying  the  laws  of  heat 
flow  through  metal  from  gas  to 
water.  These  experiments  were 
made  at  the  works  of  Joseph 
Adamson  &  Co.  The  apparatus 
used,  shown  diagrammatically  in 
figure  45,  consisted  mainly  of  two 
concentric  tubes.  Through  the  in- 
ner tube  cold  water  flowed  up; 
through  the  annular  space,  formed 
between  the  inner  and  the  outer 
tubes,  compressed  (hot)  air  was 
forced  down,  so  that  the  streams 
of  water  and  air  flowed  in  opposite  directions.  The  pressure  of  the 
air  at  the  entrance  into  the  annular  space  was  about  60  pounds  per 
square  inch;  it  dropped  10  to  20  pounds  while  passing  through  the 
space.  Its  temperature  at  the  entrance  was  between  100°  and  160° 
F.,  and  was  70°  to  90°  F.  at  the  exit.  The  cold  water  entered  at  a 
temperature  of  60°  to  80°  F. 

At  the  entrance  pressure  and  temperature  the  air  was  probably 
saturated  with  moisture.  Any  water  that  was  precipitated  during 
the  abstraction  of  heat  was  collected  in  a  vessel  at  the  bottom  of  the 
apparatus  and  was  measured.  The  relative  humidity  of  the  air 
leaving  the  collecting  vessel  was  indicated  by  wet  and  dry  bulb  ther- 
mometers in  an  auxiliary  glass  box. 

The  quantity  of  air  flowing  through  the  annular  space  was  regu- 
lated by  varying  the  entrance  pressure  and  also  by  varying  the  size 
of  the  exit  orifice  into  the  atmosphere. 

Radiation  from  the  outside  of  the  air  pipe  was  so  small  as  to  be 
almost  negligible. 


■Water 

FiGUEE   45. — Diagrammatic    representation   of 
Prof.  Xicolson's  laboratory  apparatus. 
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With  tliis  n-ppanitiis  Prof.  Ni(:(>ls(»n  has  hccn  able,  to  ohtniii 
hoai-trniismissioii  (M|iiivnl<'nt  to  tho  (naporjition  of  ov<m-  10  pounds 
of  wat(U-,  from  and  at  LM2"  K.,  \nn'  scpian^  foot  of  Jicatin^  surfaces  per 
hour,  allliou^li  tlio  pis  av<Ma«,'('(l  ordy  ahoiit  .SO"  K.  liotlcr  than  thn 
motal  of  tlio  innor  tul)0.  'I'liis  i-ali^  (A'  Jical  liansinissioii  is  about 
throo  times  the  prosont  avorap^  rale  (»f  Jimt  liansfcr  in  stcani  ho'dcrs. 

Prof,  Niccdsoii  states  that  lh<^  results  <.f  Ids  Jicat-transfer  experi- 
ments witli  tlie  laboratory  a,pj)aratus  may  b<'-  very  eoncisely  expressed 
by  t]i(^  following  fornudas: 

(A)  For  heat  transfer  from  air  to  pijx^ 

Q,  =  n,(T-^)=:Vv/.(T-/?),  ^T) 

where  Qi  =  B.  t.  u.  transmitted  per  liour  jxm-  scpiaro  foot  of  area  of 
pij)e  surface  on  the  air  side, 
T  =  average  air  temperature  (degrees  Fahrenheit), 
^  =  average  ])ipe  temperature  (ch^grees  Fahrenheit), 
|0i  =  average  density  of  air  (pounds  pcT  cubic  foot), 
t^i  =  average  s])eed  of  air  (feet  per  second), 
Hi  =  3(Oit^i  =  coefIicient  of  heat  transfer  per  degree  Fahrenheit 
difference. 

(B)  For  heat  transfer  from  pipe  to  water 

q,=u,(o-t)=6p,u,{o~t),  (II) 

where  Q2  =  B.  t.  u.  transmitted  per  hour  per  square  foot  of  area  of 
pipe  surface  on  the  water  side, 
^  =  average  water  temperature  (degrees  Fahrenheit), 
^  =  average  pipe  temperature  (degrees  Fahrenheit), 
|02  =  density  of  water  (62.4  pounds  per  cubic  foot), 
162  =  speed  of  water  (feet  per  second), 

H2  =  6|02'i^2  =  coefficient  of  heat  transfer  per  degree  Fahrenheit 
difference. 
When  ehminating  0,  the  temperature  of  the  metal,  and  estimating 

the  constants  for  the  most  common  values  of  ^^-^  that  occur  in 

practice,  a  rough  approximation  of  the  expression  for  heat  transfer  is 

q==2.75p,u,{T-t).  (Ill) 

Equation  (III)  states  that,  approximately,  tha  heat  transferred 
from  a  gas  to  water  through  a  metal  wall  varies  directly  as  the 
density  of  the  gas,  directly  as  the  velocity  of  the  gas  over  the  dry 
surface  of  the  tube,  and  directly  as  the  temperature  difference 
between  the  hot  gas  and  the  water.  This  is  the  same  approximate 
law  that  Prof.  John  Perry  derives  in  his  treatment  of  this  subject 
(see  pp.  91-92  of  this  bulletin).     The  constant  2.75  in  Prof.  Nicolson's 
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equation  is  approximately  right  only  for  results  obtained  with  his 
particular  apparatus;  for  a  different  arrangement  of  the  heating 
surfaces  the  constant  would  have  to  be  modified. 

The  laboratory  experiments  of  Prof.  Nicolson,  described  in  the 
preceding  paragraphs,  did  not  have  a  wide  enough  range  of  tempera- 
ture. Therefore,  Prof.  Nicolson  had  another  apparatus  built  at  the 
^fanchester  ^Iimicipal  wSchool  of  Technology.  The  apparatus  was 
substantially  like  the  previous  one,  but  air  could  be  heated  by  passing 
it  hrst  through  a  coil  over  a  gas  burner.  The  pipes  were  about  12 
feet  long  and  of  various  diameters. 

In  1906  and  1907  three  distinct  series  of  trials  were  made  with  this 
apparatus. 

In  the  first  scries  of  experiments  superheated  steam  was  passed 
through  the  inner  pipe  and  compressed  air  through  the  outer  pipe.  In 
the  second  series  water  was  passed  through  the  outer  pipe  (the 
annular  space).  In  the  third  series  preheated  compressed  air  was 
used  in  the  inner  tube  and  cold  water  in  the  outer  annular  space. 
The  weight  of  air  was  twice  measured,  first,  by  using  the  air  com- 
pressor as  a  meter,  and,  second,  by  application  of  the  laws  of  flow  of 
air  through  sharp-edged  circular  orifices  from  a  vessel  in  which  the 
temperature  and  pressure  of  the  air  were  observed.  The  steam  in 
the  first  two  sets  of  tests  was  condensed  and  weighed. 

Prof.  Nicolson  says  that  the  results  are  not  yet  available  for  pub- 
lication, but  that  they  afford  satisfactory  verification  of  Reynolds's 
great  law. 


I^ART  IV. 

GKNTJCAI.     DISCUSSIOX. 
MODES   OF   HEAT   PROPAGATION. 

It  was  stated  in  tln^  iul  lodiictory  chaptci*  1  liat  \\\oio  nrc  throo  modes 
of  luMit  ])r()|)a<^ati()ii.  Ki\c\\  is  (mtircly  distiiirt  from  tlio  other  two, 
and  t ho  laws  i^oviMniii^  onch  differ  essentinllv.  Tri  i\\o,  process  of  lumt 
absorption  by  boil(Ms  all  of  these  three  modos  are  actives,  (!ith(;r  in 
cond)inations  in  whieli  one  predominates  more  or  less,  or  acting 
sinf]jly  in  successive  parts  of  the  ])ath  of  the  heat  travel.  This  is 
shown  diagrammatically  in  fi<j;ure  1.  In  order  to  study  intellifj^ently 
the  problem  of  heat  absorj)tion  by  boilers,  one  must  have  a  clear 
understanding  of  these  three  modes  of  heat  proj)agation  and  of  the 
laws  which  govern  each.  This  understanding  enables  one  to  follow 
the  path  of  heat  travel  and  to  apply  the  ])r()per  laws  in  the  solution 
of  the  various  parts  of  the  problem.  Perhaps  the  most  direct  cause 
of  the  present  neglected  state  of  the  art  of  steam-boiler  design  has 
been  the  designer's  lack  of  clear  understanding  of  the  modes  of  heat 
propagation.  One  must  admit  that  the  scientific  aspects  of  the  art 
of  steam  making  are  much  neglected  when  he  compares  steam  engi- 
neering with  electrical  engineering!:  and  remembers  that  the  latter  is 
much  the  younger.  The  electrical  engineer  has  supplemented  his 
knowledge  liberally  from  the  allied  sciences  of  physics  and  chemistry. 
On  the  other  hand,  the  greater  number  of  boiler  engineers,  even  in 
recent  yeai*s,  have  had  a  fair  understanding  only  of  the  law  of  heat 
conduction,  and  have  often  applied  this  law  without  discrimination  in 
the  solving  of  any  heat-transfer  problem.  The  reason  for  the  general 
application  of  this  law  lies  in  its  simplicity.  The  law  of  radiation  was 
more  complex  and  usually  unknowTi.  The  law  of  convection  was 
only  partly  known,  even  to  physicists. 

In  the  following  paragraphs  each  of  these  laws  is  discussed  so  far  as 
it  is  known  with  regard  to  its  special  application  to  the  steam-boiler 
proposition. 

CONDUCTION. 

In  the  discussion  of  figure  1  it  was  stated  that  from  the  dry  surface 
of  the  heating  plate  of  a  boiler  the  heat  is  transmitted  through  the 
metal  and  its  coatings  to  the  wet  surface  of  the  plate  by  conduction 
only.  The  quantity  of  heat  that  can  be  transmitted  through  a  unit 
area  of  the  plate  in  a  unit  of  time  depends  on  the  difference  of  the 
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temperatures  and  the  conductivities  of  the  substances  between  the 
dry  and  the  wet  surfaces  of  the  heating  plate.  This  law  can  be 
expressed  by  the  following  simple  formula: 

(18)  H=j«,-«) 

in  which  H  =  the  quantity  of  heat  transmitted  per  unit  of  area  of  the 
heating  plate, 
C  =  the  average  conductivity  of  the  substances  between  the 

drv  and  wet  surfaces, 
d  =  ih.e  distance  between  the  two  surfaces, 
<i  =  the  temperature  of  the  dry  surface,  and 
^  =  the  temperature  of  the  wet  surface. 

The  law  governing  the  rate  of  heat  transmission  by  conduction  is 
the  same  as  Ohm's  law,  much  used  in  electric-conduction  problems. 

It  is  evident  that  with  any  physical  condition  of  the  plate  and  the 
surfaces  the  rate  of  heat  transmission  depends  entirely  on  the  excess 
of  the  temperature  of  the  dry  surface  over  that  of  the  wet  surface. 
For  instance,  if  it  is  required  to  transmit  double  the  quantity  of  heat 
in  the  same  length  of  time,  the  difference  between  the  temperatures 
of  the  two  surfaces  must  be  doubled.  Since  the  temperature  of  the 
wet  surface  is  nearh^  the  same  as  that  of  the  steam  in  the  boiler,  and 
therefore  can  not  be  lowered,  the  temperature  of  the  dry  surface  must 
be  raised;  since  it  is  this  dry  surface  of  the  heating  plate  that  cools 
the  furnace  gases,  raising  its  temperature  raises  the  temperature  of 
the  escaping  gases.  Thus  one  can  see  that,  with  the  same  conditions 
of  the  heating  plate  and  the  same  initial  temperature  of  the  furnace 
gases,  the  temperature  of  the  escaping  gases  will  rise  somewhat  with 
increasing  capacity. 

To  illustrate  the  law  of  heat  conduction,  a  specific  case  is  here 
assumed  and  the  factor  (t^  —  t)  for  ordinary  boiler  capacity  computed 
by  the  use  of  formula  (18) .  With  the  same  formula  also  is  computed 
the  probable  rise  in  flue-gas  temperature  when  the  capacity  of  the 
boiler  is  raised. 

The  heat  conductivity  of  iron  at  400°  F.,  given  in  the  Smithsonian 
Physical  Tables,  is  about  0.0005.  This  means  that  if  the  two  surfaces 
of  a  steel  plate  1  inch  thick  are  kept  at  a  temperature  difference  of 
1  °  F.,  every  square  inch  of  the  plate  will  transmit  0.0005  B.  t.  u.  per  sec- 
ond; if  the  temperature  difference  is  10°  F.,  0.005  B.  t.  u.  will  be  trans- 
mitted; or,  if  the  thickness  of  the  plate  is  0.1  inch  and  the  temperature 
difference  of  the  surfaces  is  10°  F.,  each  square  inch  will  transmit 
0.05  B.  t.  u.  per  second. 

The  walls  of  the  tubes  of  a  water-tube  boiler  are  about  0.1  inch 
thick;  the  tubes  of  a  locomotive  are  often  thinner. 
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At  iho  riito  of  10  Hqinu'(s  h^^t  of  InMitiii^  snrfar.fqxT  hoilci  liorHcjiowc^r 
th(^  Imjii  tninsmiilcd  per  s(|iinir  iiicli  \n'v  lioiii-  is 

.•<4.r,x9(lf)     .,        , 

or 

23  1 

()OXt)() 

To  tniiisinit.  this  ([iiuiititV  <»f  licut,  throii^li  \\\r.  wiills  of  llic  1iih(^ 
0.1  inch  tliick  roquiros  a  toini)oraiuro  difTcrenco  b(^iwo(^n  tli<'  two  siir- 
facos  of 

0.00()4__  ,. 

N'ow,  this  is  a  siir]>risin<;ly  small  tom])enituro  difTeronco  and  sliows 
that  tho  rosistaiu',0  of  the  niotal  to  hoat  transfer'  is  very  low.  Undoiihi  - 
odly  somothin<i^  olso  than  tho  coiuluc-tivity  of  the  metal  is  to  blame  for 
the  low  rate  of  steam  ])r()diiction  in  steam  ])oilors.  Pcrha])s  it  may 
be  presumed  that  the  soot  ami  scale  c()atiii<^s  generally  present  (tliough 
they  may  bo  very  thin)  add  to  the  resistance  of  the  phite  to  heat  trans- 
fer. Suppose  that  in  a  well-kept  boiler  tho  resistance  to  heat  passage 
of  the  soot  and  scale  is  ten  times  that  of  the  metal  alone;  for  the 
ordinary  rate  of  working  there  is  then  a  temperature  drop  through 
the  soot  and  scale  of  13°  F. ;  this,  with  the  drop  of  1.3°  F.  through  the 
metal,  makes  a  total  temperature  drop  of  14.3°  F.  between  the  dry 
and  the  wet  surface  of  the  tube.  Even  this  is  a  small  temperature 
drop,  and  indicates  possibilities  of  working  the  tubes  at  higher  rates. 
Thus,  to  make  1  boiler  horsepower  on  1  square  foot  of  the  tube  heat- 
ing surface,  which  is  ten  times  the  ordinary  rate  of  working  a  boiler, 
the  temperature  difference  between  the  wet  and  the  dry  surface  of 
the  tube  need  be  only  143°  F.  This  figure  indicates  that  even  for  the 
high  rate  of  working  assumed,  the  temperature  drop  between  the  two 
surfaces  of  the  tube  is  only  a  small  fraction  of  the  total  drop  between 
the  moving  gases  and  the  boiler  water.  Figure  46  shows  relatively 
the  average  temperature  drop  between  the  hot  moving  gases  and  the 
boiler  water  when  the  initial  temperature  of  the  gases  is  2,500°  F. 
and  the  boiler  is  working  at  ten  times  the  usual  rate  of  steam  making. 
In  the  figure  the  temperature  of  the  boiler  water  is  assumed  to  be 
350°  F.  The  temperature  drop  from  the  wet  surface  to  the  boiler 
water  is  estimated  to  be  10°  F.,  making  the  temperature  of  the  wet 
surface  360°  F.  The  drop  through  the  metal  itself  has  been  figured 
to  be  13°  F.  The  drop  from  the  dry  surface  to  the  metal  and  that 
from  the  metal  to  the  wet  surface  are  both  assumed  to  be  one-half  of 
130°  F.,  although  it  is  very  probable  that  the  drop  on  the  dry  side  of 
the  metal  is  much  higher  than  that  on  the  w^et  side.  The  total  drop  from 
the  dry  surface  to  the  boiler  water  is  then  153°  F.,  making  the  tern- 
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perature  of  the  dry  surface  503°  F.  If  the  temperature  of  the  escap- 
ing gases  is  G00°  F.,  then  the  average  temperature  of  the  moving  gases 

is  approximately    ^''     ^  '     =  1,550^  F.     Consequently  there  are  the 

following  temperature  drops  in  the  path  of  heat  travel:  From  the  hot 
movmg  gases  to  the  dry  surface,  1,550- 503  =  1,047°  F.;  from  the  dry 
to  the  wet  surface,  503-360  =  143°  F.;  and  from  the  wet  surface  to 
the  water  in  the  hoiler,  360-350  =  10°  F. 

It    is    true    that    the    values 


'mnAL  TEMP  OF 
MOVING  GASES 
2500  'F 


DRY  SURFACE 


AV.  TEMP  OF 
MOVING  GASES' 
1550  °F 


WET  SURFACE 


given  above  are  either  estimated 
or  figured,  nevertheless  observa- 
tion indicates  that  they  are  very 
close  to  the  facts.     One  can  say 
with  a  high  degree  of  certainty 
that  the  cause  of  the  low  rate  of 
heat  transmission  in  the  present 
boilers  lies  in  the  transmission 
from  the  hot  gases  to  the  dry 
surface  of  the  tube.     The  metal 
itself,  even  with  a  moderate  coat- 
ing,   is    capable    of    conducting 
enough  heat  to  the  water  with 
a   comparatively  small   part  of 
the  total  temperature  drop  be- 
tween the  gases  and  boiler  water. 
On  the  inside  of  the  boiler  tube 
the  water,  on  account  of  its  high 
heat  capacity,  readily  takes  the 
heat  from  the  surface  of  the  tube 
so    that    the    temperature  drop 
usually   needed    is    very  small. 
It  may  be  stated  here  that  some 
determinations  made  by  the  tech- 
nologic   branch   of    the   United 
States  Geological  Survey  indicate  that  in  the  low^er  row  of  tubes  in 
a  Heine  boiler  the   maximum  temperature  difference   between  the 
wetted  surface  of  a  tube  and  the  water  in  the  center  of  the  tube  is  prob- 
ably less  than  15°  F.  when  the  boiler  is  working  far  above  its  rated 
capacity,  and  the  combustion-chamber  temperature  is  about  3,000°  F. 
If  these  measurements  are  correct,  they  indicate  that  natural  circu- 
lation of  the  water  will  be  sufficient  in  boilers  working  at  several  times 
the  present-day  rate,  provided  the  boilers  are  suitably  designed. 

The  foregoing  consideration  show  that  the  process  of  getting  the 
heat  to  the  dry  surface  is  slow  and  that  it  will  have  to  be  hastened  if 
the  rate  of  working  steam  boilers  is  to  be  increased.  As  shown  in 
figure  1,  the  heat  enters  the  dry  surface  by  radiation  and  convection, 
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Figure  46.— Diagram  of  temperature  drop  from 
moving  gases  through  the  heating  plate  to  boiler 
water. 
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and  it  is  l,h(M(^lor(^  thoH<')  two  niodi^s  of  \n\iii  piopnij^niKtu  llnit  jinist  he 
st  iidiod  ill  ()i-d(M*  that  ov(5ry  ructoi-  in  I  In*  \u\k  ^  <^.\'(i  uin-^  t  Im-iii  inuy  bo 
utilized  to  tlu^  Ix^st  ndv'aiit,ji«^('. 

THE    RATE    AT    WHICH    HEAT    IS    IMPARTED    BY    RADIATION. 

Tlio  quantity  of  liciit  wjiicli  a  holler  receives  ))y  rndinlion  in  m 
\niit  of  tiin(i  nuiy  he  Inken  (o  h<'  }ij)|)i-oxiniately  |)roj)orrionjd  lo  the 
diderenco  hetween  (he  Foinlli  j)ow('rs  of  ihe  ahsohilc  teniper'atures 
of  tjie  liot  ])arls  of  Ijie  fiiiiiaci^  and  ilw,  sooled  surface  of  th(^  holier 
phite.  Tills  hiw  of  rachalion  Is  l<no\Mi  as  Stefan  and  l^)hznninn's 
Law.« 

Ahout  l>()  years  ago  Stefan  dechiced  tins  hiw  fioin  Ijie  results 
of  experiments,  and  sonu^  yeais  latei'  lioHznianu  demonstrated 
mathematically  that  from  thermodynamic  considerations  tjie  fourth- 
power  law  should  hold  exactly  foi*  an  ideal  hlack  hody.  There  are, 
however,  no  suhstances  in  nature  that  ahsorh  and  radiate  heat 
exactly  as  the  hlack  hody  docs.  The  sooted  surface  comes  close 
to  it  (witliin  4  or  5  per  cent,  depending  on  t]ie  kind  of  soot),  and  can 
be  taken  for  all  practical  purposes  as  a  standard.  Since,  in  the 
steam-boiler  problem,  the  heat  exchange  by  radiation  is  between 
partly  sooted  surfaces,  the  law  can  be  applied  without  any  serious 
error.     The  radiation  law  is  expressed  by  the  following  equation: 

(19)  H  =  C(T^-tO. 

Where  H  =  the  net  heat  exchanged  between  the  hot  and  the  cold 
surface  per  unit  of  the  hot  surface  per  unit  of  time; 
T  =  the  absolute  temperature  of  the  hotter  surface; 
t  =  the  absolute  temperature  of  the  colder  surface,  which 
surrounds  the  hot  surface; 
and        C  =  a  constant  depending  on  the  unit  of  area  and  time,  on 
the  unit  in  which  the  heat  is  measured,  and  on  the  scale 
in  w^hich  the  temperatures  are  expressed. 
If  H  is  expressed  in  small  calories  per  square  centimeter  of  the 
hot  surface  per  minute,  and  if  T  and  t  are  expressed  in  degrees  centi- 
grade on  the  absolute  scale,  then 

^^^^  C  =  7.65  X  10-"  =  100,000,000,000 

If  H  is  expressed  in  B.t.u.  per  square  foot  of  the  hot  surface  per 
minute,  and  T  and  t  are  expressed  in  degrees  Fahrenheit  on  the 
absolute  scale,  then 

2.66 


(21)  C  =  2.66XlO-"  = 


100,000,000,000 


a  For  a  detailed  discussion  of  this  law,  see  Warder,  C.  W.,  and  Burgess,  G.  K.,  Optical  pyrometry: 
Bull.  2,  Bureau  of  Standards,  1905. 
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These  constants  are  good  only  in  case  the  hotter  surface  is  com- 
pletely surrounded  by  the  cooler  surface,  or,  in  case  the  conditions 
are  such  that  the  hot  surface  can  not  ''see''  anything  but  the  cold 
surface.  Cases  A  and  B  of  figure  47  illustrate  two  typical  instances 
in  which  this  condition  is  fulfilled. 


Hot  surface 


Gold  surface 


CASE  C 


CASE    A  CASE    B 

Figure  47.— Cases  in  which  the  fimdamental  conditions  of  Stefan  and  Boltzmann's  radiation  law  are 

entirely  fulfilled. 

In  figure  47,  Case  A,  the  hot  surface  A  is  a  plane;  the  cold  surface 
B  is  also  a  plane,  parallel  to  the  first  one  and  infinitely  large,  so  that 
any  portion  of  the  hot  surface  A  can  not  ''see"  anything  but  the 
cold  surface  B.  That  is,  the  hot  surface  A  is  completely  exposed 
to  the  cold  surface  B,  or  the  angle  of  exposure  of  the  hot  surface 
approaches  the  spherical  angle  of  180°. 

In  figure  47,  Case  B,  the  hot  sur- 
face A  is  the  outside  surface  of  a 
spheroidal  body  that  is  inclosed  in 
a  larger  hollow  spheroid,  the  inside 
surface  of  which  forms  the  cold  sur- 
face B.  In  this  case  any  portion  of 
the  hot  surface  can  "see"  nothing 
but  the  cold  surface;  that  is,  the  hot 
surface  is  completely  exposed  to  the 
cold  surface  B. 

In  figuring  the  net  heat  exchanged 
between  the  hot  and  the  cold  surface 
in  either  of  the  two  cases  illustrated, 
the  constant  C  can  be  applied  directly 
in  the  above  formulas. 

In  figure  48  are  illustrated  two 
typical  cases  where  the  hot  surface 
is  not  completely  exposed  to  the  cold  surface  and  where  tlie  constant 
C  can  not  be  applied  directly.  In  Case  C  the  hot  surface  A  is  exposed 
not  onlj  to  the  cold  surface  B,  but  also  to  other  parts  of  the  hot 
surface  itself.  In  Case  D  the  hot  surface  A  is  exposed  partly  to  the 
cold  surface  B  and  partly  to  the  open  space  outside  the  cold  surface. 
That  is,  the  heat  passing  from  A  through  angles  a  and  c  misses  the 


Hot  surface 


CASE  D 

Figure  48. — Cases  in  which  the  fundamental 
conditions  of  Stefan  and  Boltzmann's  radia- 
tion law  are  imperfectly  fulfilled. 
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cold  snrfM('(^  (Miliicly.  In  I  lie  Inst  two  vuhvh  tlie  constiint  (;  juu^t  ho 
miilliplKMl  by  (li(^  Holid  jiii!';I<'  of  ('Xj)()siii('  ('Xprcsscd  ns  a  j)crc«Miluj^o 
of   tlio   spherical    aii«ijl(^   of    ISO'^. 

Tho  l()coinoliv(^  fiinnMc  jncscMiiH  the  siin|)l('st  |)ra(rKal  j)i'ol)Ii'iii 
ill  i"a,(lia.(  loll.  In  itllu'lutt  surface,  is  r('[)Ia,ccd  by  1  lie  fuel  hed  aiwl  tho 
cold  siirfaco  by  tho  tube  sheet,  tho  crown  sliet^t,  tlu^  front  sheet,  and 
tliO})lateson  bolli  sides  of  <  lie  fuel  bed.  Assbown  infij^iiro  41),  the  only 
other  snifnce  cxjjosed  to  llie  fuel  bed  is  llu'  fii(^  dooi-.  whieb  silblendn 
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riGUKii  49.— Application  of  Stefan  and  Boltzinaun's  radialioa  law  to  a  locomotive  Ijoilor. 

a  very  small  angle  of  tlie  fuel  l)e(rs  "  vision  "  and  can  be  neglected.  It 
should  be  stated  in  connection  with  tho  locomotive  furnace  that  when 
the  temperatures  remain  constant  tho  amount  of  heat  received  by  the 
boiler  by  radiation  depends  on  the  extent  or  area  of  the  fuel  bed 
(when  the  top  of  the  fuel  bed  is  approximately  a  piano  surface)  and 
not  on  the  exposed  area  of  the  boiler's  heating  surface.  That  is, 
referring  to  figure  49,  the  amount  of  heat  radiated  to  the  boiler  would 
be  the  same  if  the  inside  of  the  fire  box  had  the  shape  shown  by  the 
dotted  lines  B'. 
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Figure  50. — Application  of  Stefan  and  Boltzmann's  radiation  law  to  an  externally  fired  boiler. 

In  furnaces  of  externally  fired  boilers  the  problem  of  heat  radiation 
is  a  more  complicated  one.  On  the  assumption  that  the  temperature 
of  the  inside  of  the  walls  of  the  furnace  is  the  same  as  that  of  the  fuel 
bed,  the  fuel  bed  and  the  inside  of  the  furnace  walls  mav  be  designated 
the  hot  surface.  Under  these  conditions  any  portion  of  the  hot  sur- 
face will  be  exposed  not  only  to  the  cold  surface  of  the  boiler,  but  also 
to  other  parts  of  the  hot  surface  itself.  This  is  illustrated  in  figure  50 ; 
any  portion  of  the  hot  surface  is  exposed  to  the  boiler  through  the 
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solid  angle  h  and  to  other  parts  of  the  hot  surface  itself  through  the 
angles  a  and  c.°^  To  obtain  the  net  amount  of  heat  radiated  by  each 
portion  of  the  hot  surface  to  the  boiler,  constant  C  in  equation  (19) 
would  have  to  be  multiplied  by  the  solid  angle  h  of  exposure  expressed 
as  a  fraction  of  a  spherical  angle  of  180°.  In  any  special  case  of  this 
type  it  would  not  be  difficult  to  get  the  approximate  average  angle 
of  exposure  of  the  fuel  bed,  side  walls,  and  the  rear  and  front  door  by 
averaging  the  angles  of  exposure  of  four  or  five  small  portions  of  each 
of  the  hot  surfaces. 

It  is  apparent  from  equation  (19)  that  the  quantity  of  heat  a  boiler 
receives  by  radiation  increases  very  rapidly  as  the  temperature  of  the 
furnace  rises. 

Let  it  be  assumed  that  two  boilers,  A  and  B,  both  of  similar  con- 
struction and  setting,  are  w^orking  under  the  same  pressure,  corre- 
sponding to  a  steam  temperature  of  350°  F.  What  are  the  relative 
quantities  of  heat  imparted  to  each  boiler  if  the  furnace  of  A  is  oper- 
ated at  3,040°  F.  and  the  furnace  of  B  at  2,040°  F.  ?  These  tempera- 
tures agree  with  observations  actually  made.  Assuming  the  tem- 
perature of  tbe  soot  coating  to  be  about  540°  F.,  the  relative  quantity 
of  heat  received  by  A  is  2.54x10-^(3,500^- 1,000^)  =  3,785  B.  t.  u. 
and    the   heat    received    by  B   is    2.54x10-^^2,500^- 1,000^)  =  966 

B.  t.  u.     Therefore,  boiler  A  receives    '    ^  =3.92  times  as  much  heat 

'  96o 

as  boiler  B. 

In  the  above  example  the  temperature  shown  by  the  ordinary 
Fahrenheit  scale  is  changed  to  absolute  temperature  by  adding  to  the 
former  460°. 

The  two  examples  indicate  that  by  raising  the  furnace  temperature 
from  2,040°  F.  to  3,040°  F.  the  rate  of  heat  impartation  to  the  boiler 
by  radiation  is  nearly  quadrupled. 

Figure  51  shows  graphically  the  relation  between  the  furnace  tem- 
perature and  the  quantity  of  heat  imparted  to  a  boiler  by  radiation,  for 
constant  temperatures  of  the  soot  coating.  The  abscissae  of  the 
chart  are  furnace  temperatures  of  the  absolute  Fahrenheit  scale. 
The  ordinates,  when  used  with  the  scale  on  the  left,  give  the  B.  t.  u. 
radiated  per  minute  per  square  foot  of  hot  surface  exposed  to  the 
boiler  surface  only;  when  used  with  the  scale  on  the  right  the  ordi- 
nates give  equivalent  evaporation  per  hour  for  the  same  area  of  the 
hot  surface.  Each  curve  gives  these  values  for  one  constant  tem- 
perature of  the  sooted  surface. 

Thus,  for  example,  let  it  be  assumed  that  the  furnace  temperature 
is  3,000°  F.,  absolute  (2,540°  on  the  ordinary  Fahrenheit  scale),  and 

a  For  simplicity  it  is  assumed  that  no  tiles  are  aroimd  or  between  the  lowest  row  of  tubes  anywhere  along 
their  length ;  in  other  words,  that  all  of  the  roof  above  the  fuel  bed  and  combustion  chamber  is  cold  surface, 
at  boiler-water  temperature. 
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tho  tomp(^nitiiro  of  tlio  hooUmI  Hiirfjicc  of  11m^  pinto  in  K00°  F.,  al>H<>- 
luio  (.*M()°  oil  tho  oniiiuuv  I^'nlncnhcit  hcuIo);  then,  hy  followiiif^  tlio 
vortical  linc^  of  '^,()()i)^  l\  {'[iruna^  tom[)(M'ntiii-o  to  iln  iulcrsocf ion 
witli  tlH^  ciirvo  ({(Miotod  ns  coFiMtniit  tonipciatiiro  of  Hoolcd  Kurfacf^  of 
800°  v.,  absoluto,  ono  o])ta,ins  tlu^  l('ii<^tli  of  tln^  ordinatr^  wliich,  whon 
used  with  tho  soah^  on  (lie  Idt,  tells  that  2,010  1\.  I.  w.  aro  radiator! 
to  tlio  boilor  ])(U'  ininuto  by  each  sciuan^  foot  of  totally  oxpOHod  hot 
surfaco.  Tho  soalo  on  Iho  li^^Iit  iiidicai.oM  that  at  this  rnio  of  boat 
radiation  oach  s(piaio  foot  of  tlu^  totally  oxposc^d  hot  siirfac*^  chiihos 
tho  ovaporatioM  of  120  pounds  of  wator  per  hour. 


"T50D      ^^-      20DD  2500  3oflO  3Sfi6 

ABSOLUTE  TEWPERATURE  OF  FUEL  BED  AND  FURNACE,    "  F.  '*' 

Figure  51. — Relation  between  furnace  temperature  and  quantity  of  heat  imparted  to  a  boiler  by  radiation 
for  several  constant  temperatiires  of  the  soot  coating  on  the  water-heating  plates. 

Again,  let  it  be  assumed  that  the  furnace  temperature  is  3,100°  F., 
absolute  (2,640°  on  the  ordinary  Fahrenheit  scale),  and  the  temper- 
ature of  the  sooted  surface  is  1,700°  F.,  absolute  (1,240°  on  the  ordi- 
nary Fahrenheit  scale) ;  then,  by  following  the  vertical  line  of  furnace 
temperature  of  3,100°  F.  to  its  intersection  with  the  curve  denoted 
as  constant  temperature  of  sooted  surface  of  1,700°  F.,  absolute,  one 
gets  the  length  of  the  ordinate  which,  if  referred  to  the  scale  on  the 
left,  shows  that  2,120  B.  t.  u.  are  radiated  per  square  foot  of  com- 
pletely exposed  hot  surface,  and  if  used  with  the  scale  on  the  right, 
shows  that  130  pounds  of  water  is  evaporated  per  hour  by  every 
square  foot  of  completely  exposed  hot  surface. 
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These  two  examples  sliow  that  althougli  in  the  second  case  the 
temperature  of  the  heating  phite  is  900°  F.  higher,  and  the  tempera- 
ture of  the  furnace  is  only  100°  F.  liigher  than  in  the  first  case,  never- 
theless more  heat  is  received  by  the  heating  plate  in  the  second  case. 
It  may  be  said,  then,  that  a  rise  or  drop  in  the  furnace  temperature 
is  a  great  many  times  more  influential  than  an  equal  rise  or  drop  in 
the  temperature  of  the  sooted  surface  of  the  heating  plate,  so  far  as 
the  absorption  of  heat  by  radiation  is  concerned. 

In  figure  51  the  given  rate  of  net  heat  radiation  is  per  square  foot 
of  the  totally  exposed  hot  surface  and  not  per  square  foot  of  the 
boiler-heating  surface.  It  has  been  stated  in  connection  with  figure 
48  that  at  the  same  temperatures  the  net  quantity  of  heat  exchanged 

between  the  hot  and  the  boiler  surfaces  depends 
on  the  extent  of  the  hot  surface  and  the  angle 
of  exposure  of  the  hot  surface  to  the  boiler  sur- 
face. Figure  52  further  illustrates  this  feature. 
Let  A  be  a  small  unit  of  the  hot  surface  and 
dBc  be  the  cold  surface.  Now,  the  cold  sur- 
face does  not  receive  any  more  heat  from  the 
small  area  A  of  the  hot  surface,  even  though 
the  former  has  the  shape  oB'c,  or  aWc, 
although  in  the  latter  two  cases  the  -cold  sur- 
face may  have  twice  as  much  area  as  in  the 
first  case.  Again,  if  the  cold  surface  JE/,  hav- 
ing four  times  the  area  of  aBc,  be  placed  at 
twice  the  distance  from  A,  the  quantity  of 
heat  received  from  A  \n{\  be  the  same  as  w^as 
received  by  the  cold  surface  aBc.  Neither 
would  the  quantity  of  heat  be  increased  if 
corrugated  cold  surfaces  dWf  or  dE^^'f  were 
substituted  for  cZE/.  From  this  illustration  it  will  be  noticed  that 
radiant  heat  resembles  light  in  every  respect — a  resemblance  that 
is  confirmed  by  physicists. 

In  the  preceding  discussion  of  radiation  in  boiler  furnaces,  only 
the  fuel  bed  and  furnace  walls  have  been  considered  as  radiating 
surfaces.  In  reality  the  luminous  flames  perhaps  radiate  consider- 
able heat  and  therefore  increase  the  radiating  surfaces.  However, 
as  the  flames  vary  in  size  and  shape  with  different  fuels,  rate  of  com- 
bustion, and  supply  of  air,  it  is  difficult  to  figure  their  effect  exactly. 
In  any  special  case  the  average  additional  area  and  angle  of  exposure 
of  the  flames  can  be  estimated  and  added  to  the  area  of  the  hot  parts 
of  the  furnace.  The  object  of  this  discussion  is  to  elucidate  the  prin- 
ciples of  radiation  and  to  suggest  methods  of  general  analysis  of 
special  cases  of  radiation  in  boiler  furnaces. 

The  substance  of  the  foregoing  discussion  of  the  law  of  heat 
radiation  may  be  summarized  in  the  following  brief  statements; 


fi^HOt  •SUfi^ACT 


Figure  52. — Diagram  illus- 
trating the  fact  that  shape 
and  distance  of  cold  sur- 
face do  not  afiect  the  radi- 
ation of  heat. 
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Tlio  quant ily  of  licat  iinpartod  to  a  hoilcr  hy  radialion  from  tlic  hot 
siirraccs  ol*  tln^  iuriuuw^  and  fuel  hcd  depends  (<i)  on  llie  extent  of  tins 
liot  Hiirfaees  of  the,  furnace  and  th(^  an;^I(i  of  exposin*(^  to  tlic^  cold  sur- 
faces of  tlu^  boiler;  (h)  on  th(<  diMenMicc^  hetwcu'n  the  fourth  powers  of 
the  absolute  tenipc^ratures  of  Ihe  'Miot"  and  "cold"  surfaces. 

In  any  <^iv(Mi  steaiu-<^enenitui«^  apj)aratus  the  first  of  Ihe  above 
conditions  is  iixcMl,  niid  (herefon^  can  not  be  used  to  iiKtrease  the  out- 
put of  the  boiler.  As  to  the  second,  it  may  be  said  that  in  well- 
operated  plants  th(>  furnace  temperatures  can  not  Ix^  raised  nnich 
hi<i:her;  so  that  there  is  little  hopi^  of  raisin;^  the  ca|)acity  of  boilers 
by  increasin<i;  the  amount  of  heat  imparted  to  them  by  radiation. 
Furthermore,  in  a  modeiii  watc^r-tube  boiler  most  of  the  total  lumt 
absorbed  is  imparted  to  the<  boiler's  surfaces  by  convection,  so  that 
increasinji;  the  rate  of  radiation  would  raise  the  capacity  of  tlie  boiler 
but  little.  Much  more  is  to  be  expected  from  the  ])ossibiliti(\s  of 
increasing  the  rate  of  heat  impartation  to  boilers  l)y  convection. 

CONVECTION. 

In  modern  steam  boilers  by  far  the  greater  percentage  of  the  total 
heat  absorbed  by  the  heating  surface  is  imparted  to  it  by  convection. 
Furthermore,  the  gases,  as  they  pass  along  the  heating  surfaces,  are 
cooled  by  convection,  and  therefore  the  degree  of  cooling  of  the  gases 
before  they  fmally  leave  the  boiler  is  dependent  solely  on  the  activity 
of  convection.  Consequently,  convection  largely  determines  the 
efficiency  of  boilers.  It  was  particularly  with  the  object  of  studying 
the  laws  of  heat  transmission  by  convection  that  the  authors  under- 
took the  laboratory  experiments  (with  small  boilers)  that  form  the 
nucleus  of  this  bulletin. 

In  the  section  on  '^How  heat  flows  into  the  boiler  water"  (p.  18) 
it  has  been  said  that  as  the  fuel  burns  in  the  boiler  furnace  the  heat 
evolved  is  largely  absorbed  by  the  gaseous  products  of  combustion. 
These  gases  then  flow  over  the  heating  surface  of  the  boiler,  to  which 
they  impart  some  of  the  heat  they  contain.  This  impartation  of  heat 
takes  place  almost  entirely  by  convection;  that  is,  the  molecules  of 
the  flowing  gases  come  in  contact  with  the  dry  surface  of  the  boiler 
plate  and  impart  their  heat  to  it.  The  rate  at  which  the  heat  is 
imparted  to  a  unit  of  surface  depends  on  the  number  of  gas  molecules 
coming  in  contact  with  it. 

This  law  is  very  clearly  expressed  in  Prof.  Reynolds's  paper  by  the 
following  statements : 

The  heat  carried  off  by  air  or  any  other  fluid  from  a  surface, «  apart  from  the  effect 
of  radiation,  is  proportional  to  the  internal  diffusion  of  the  fluid,  at  and  near  the  sur- 
face; that  is,  is  proportional  to  the  rate  at  which  particles  or  molecules  pass  backward 
and  forward  from  the  surface  to  any  given  aepth  within  the  fluid,     -x-    *    * 


a  In  the  case  of  a  steam  boiler  the  heat  is  carried  by  the  gas  to  the  surface. 
57537°— Bull.  18—12 8 
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Now,  the  rate  of  this  diffuwion  han  been  tihown  from  various  con.siderationH  to  depend 
on  two  things: 

1.  The  natural  internal  diffusion  of  the  fluid  when  at  rest, 

2.  The  eddies  caused  by  visible  motion,  which  mixes  the  fluid  up  and  continually 
brings  fresh  particles  into  contact  with  the  surface. 

These  few  sentences  from  Prof.  Reynolds's  paper  form  the  founda- 
tion of  the  law  governing  the  rate  of  heat  transmission  by  convection 
and  deserve  careful  study.     In  his  paper  Prof.  Re3molds  expressed 
this  law  of  heat  transmission  by  convection  by  the  equation 
(1)  ll=A(T-t,)+Bqv{T—t,l 

where  H=the  quantity  of  heat  imparted  by  the  gas  to  a  unit 

surface  of  the  metal, 
(T — tj)  =the  temperature  difference  between  the  metal  sur- 
face and  the  gas, 
g==the  density  of  the  gas, 

v^the  velocity  of  the  gas  over  the  metal  surface;  and 
A  and  B  are  constants  depending  on  the  nature  of  the 
gas. 

The  first  term  on  the  right  side  of  the  equation  expresses  the  effect 
of  the  natural  diffusion  of  the  gas;  the  value  of  this  term  depends 
only  on  the  difference  of  temperature  between  the  gas  and  the  metal; 
the  second  term  expresses  the  effect  of  diffusion  caused  by  the  motion 
of  the  gas;  the  value  of  this  term  depends  on  the  density  of  the  gas, 
the  velocity  of  the  gas,  and  on  the  difference  of  temperature  between 
the  gas  and  the  metal  surfaces.  The  validity  of  the  first  term  will 
perhaps  be  generally  admitted  because  it  contains  the  temperature 
factor  only.  The  second  term,  however,  on  account  of  the  density 
and  the  velocity  factor  may  appear  somewhat  obscure.  The  following 
explanation  may  help  one  to  understand  it: 

The  rate  of  heat  impartation  by  a  stream  of  flowing  gas  to  a  metal 
surface,  as  has  been  stated,  is  directly  proportional  to  the  rate  at 
which  molecules  of  gas  pass  forward  and  backward  from  the  stream 
to  the  metal  surface.  Now,  the  density  of  a  gas  is  proportional  to  the 
number  of  gas  particles,  or  molecules,  in  a  unit  of  volume.  It  is  rea- 
sonable, then,  to  expect  that  when  there  are  more  particles  of  gas  in 
a  unit  of  volume  next  to  a  metal  surface  proportionately  more  gas 
particles,  or  molecules,  will  hit  or  come  in  contact  with  a  unit  of  that 
surface.  The  density  of  a  gas  at  constant  pressure  varies  inversely 
as  the  absolute  temperature;  that  is,  the  density  decreases  as  the 
absolute  temperature  rises.  On  this  account  there  is  a  partial  neu- 
tralization of  gain  when  striving  for  high  temperatures  in  steam  boiler 
practice,  for,  as  the  temperature  is  raised,  the  number  of  molecules  in 
action  against  any  unit  of  the  dry  surface  of  the  heating  plate  is 
reduced. 

In  considering  the  velocity  factor  let  the  reader  form  a  mental 
image  of  the  appearance  of  an  intensely  magnified  cross  section  of 
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tlu^  dry  sni'faco  of  tljo  luMitiji^  plain.  10ntnii^'l(Ml  iimon^  tlin  part  irlcs 
of  tlio  Hoot  nr(^  partich^H,  oi*  iiiohH-iilos,  of  ^as  \\vU[  cUmi't  to^ntli<T  hy 
tlio  attraction  of  tlu^  solid  and  foiiniii;^  a  d(Mis(»  film  luwi  to  tli<i  layer 
of  soot  or  tlu^  JuntaJ  in  caso  tlu^  hoilci"  is  clcaii ;  fartluw  out  tlui  niolr- 
(•ul(^s  ar(Uvid<M-ii|)art.  All  tJK^si^  molecules  of  <^as,  from  those  entan;^l(id 
among  tlio  partich^H  of  tho  soot  to  thos(^  in  tlin  gas  of  n<»i  nnd  dt^nsity, 
ai'O  to  bon^gardtul  as  in  an  inxisihly  rapid  Htat<M)f  xihralion;  li(»wev<T, 
tlioso  closo  to  tho  soot  ar(^  inoii^  or  less  hound  \)y  tlio  attrm^tlon  of  th(i 
solid  soot  or  iiu^lal. 

Now,  n  pis  is  a  V(My  j)oor  conductor  of  luMit,  nnd  if  d(^j)<'nd<'nco 
W(M'e  placcMl  soh^ly  on  its  conduction  th(^  process  of  transferrin*^  heat 
from  tlio  jnovin<i;  <jjns  to  the  adlHMin;^  iUm  would  )){">  very  slow  indciMl. 
Tho  only  quick  way  of  jjjettin*^  lioat  into  tho  adhorinf^  iilm  is  to  dis- 
lo(l«2:o  tho  cold  (or  slowly  vibratin<i;)  nioloculos  from  this  adluirinj^  Iilm 
of  <^as  and  roplaco  thom  by  hot  (rapidly  vibratin^^)  ()n(^s  from  tho  body 
of  hot  tras.  This  roplacomojit  is  olfoctod  j)artly  by  tho  natural  difFu- 
sion  of  tho  gim — iirst  term  of  C(iuation  (1 ) —  but  mostly  by  tho  velocity 
of  tho  <2;as.  It  can  bo  ima*2;inod  that  as  a  stream  of  hot  j]^as  moves  alonjij 
tho  adherini^  film,  an  avora<]^e  of  one-third  of  its  molecudes  vibrato 
back  and  forth  perpendicularly  to  tho  surface  and  dislodge  or  displace 
the  molecules  in  the  adhering  fdm.  The  faster  the  gas  moves  the 
greater  the  number  of  molecules  or  particles  of  gas  that  pass  each 
square  inch  of  the  heating  surface  in  a  unit  of  time,  and  consequently  the 
greater  the  number  of  hot  molecules  tliat  will  hit  or  penetrate  into  the 
adhering  gas  film  and  replace  cold  molecules  of  gas.  Tlius  tlie  dis- 
lodging ed'ect  of  these  moving  molecules  on  the  molecules  of  the 
adhering  film  is  proportional  to  the  velocity  of  the  mass  of  the  gas 
mo\dng  over  the  heating  plate.  It  is  this  dislodgment  that  makes 
a  boiler  respond  in  quantity  of  steam  made  to  any  reasonable  demands 
put  on  it. 

By  referring  to  Prof.  Reynolds's  equation  (1),  one  can  see  that  if  the 
velocity  of  the  gas  continues  to  increase  the  second  term  on  the 
right  hand  of  the  equation  becomes  large  and  the  effect  of  the  first 
term  so  small  in  comparison  with  that  of  the  second  term  that  beyond 
low  velocities  of  the  gas  the  first  term  may  be  ignored  and  the  equa- 
tion reduced  to  equation  (7)  derived  by  Prof.  Perry: 
(7)  li  =  Cqv(T-t,). 

As  t^,  the  temperature  of  the  dry  surface,  is  generally  not  much 
higher  than  t,  the  temperature  of  the  w^et  surface  or  the  boiler  water, 
we  shall  at  first  assume  for  the  sake  of  simplicity  that 

T-t,  =  T-t, 

Designating  T  — ^  by  6,  equation  (7)  can  be  wTitten 

(22)  ll  =  Cqvd. 

This  is  a  simpler  equation  and  when  used  with  discrimination  it  is 
fairly  accurate  for  most  practical  cases. 
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RELATION   BETWEEN   THE    LENGTH    OF   GAS    PATH  AND  THE  EXIT  TEM- 
PERATURE   OF   GASES.  M\ 

The  simplicity  of  equation  (22)  is  more  apparent  when  it  is  used 
as  a  basis  for  finding  the  relation  between  the  initial  temperature  of 
the  gases  and  their  temperature  at  any  point  along  their  path  over 
the  heating  surface  of  a  boiler.  This  relation  is  found  in  the  following 
way: 

Let  w  be  the  weight  of  gases  passing  over  the  heating  surface  of  a 
boiler  per  second,  and  x  the  distance  of  any  small  area  under  discus- 
sion from  the  furnace  end  of  the  boiler.  Then  the  heat  lost  by  the 
gases  during  passage. along  any  small  part  of  the  gas  path  (the  ''small 
area''  just  mentioned)  is  equal  to  the  heat  gained  or  absorbed  by  the 
heating  surface  of  that  part  of  the  gas  path,  or 

(23)  -swdd  =  Q'qvddx. 

In  this  equation  s  is  the  specific  heat  of  gases  at  constant  pressure, 
dd  is  the  temperature  drop  of  the  gases  wiiile  passing  over  a  small 
part,  dx,  of  their  path.  Since  the  heat  is  abstracted  from  the  gases, 
the  sign  on  the  left  side  of  the  equation  is  minus  ( — ) . 

Now,  the  density  of  gases  varies  inversely  as  their  absolute  tem- 
perature; therefore 

_     c 

where  K  is  the  absolute  temperature  of  the  boiler  water  and  c  some 
constant. 

The  velocity  of  the  gases  varies  directly  as  their  volume,  and  their 
volume  varies  directly  and  jointly  as  their  absolute  temperature  and 
the  weight  to  be  passed  over  the  heating  surface;  therefore 

where  K  is  as  before  the  absolute  temperature  of  the  boiler  water  and 
c'  some  constant. 

Substituting  these  values  for  q  and  v  in  equation  (23),  we  get 

u 

where  C  is  a  new  constant  equal  to  C  Xcxc\ 
Integrating  (24)  we  get 

(25)  —sw\ogd  =  Cwx  +  lc. 

The  constant  of  integration,  Ic,  can  be  determined  from  the  relation 
that  when  x  =  0,  6  =  6^,  the  initial  temperature;  and  therefore 

]c=  —sw  log  Oq. 
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Siil)stit/Ul/m«^  for  /"  in  (LT))  \v<^  Iiji.vo 

—  8W  J()<;  0  \-.siD  Jo^  /'y,,   'Qwx,  or 


—  t<w  l()<j; 

-Vwx 

I       (f 

( hm 

-       Cf, 

sw 

\vluM(^  (' 

C 

8 

—  e  ''^,  or 
"() 

0  ■=  0^  e-^x^ 

Tliorefoii^ 
(26) 

In  equation  (20),  if  a;  is  o(|U}il  to  the  full  lon<i;tli  of  tlio  fijas  putli,  0 
will  bo  the  temperature  of  the  escaping  gases  above  the  boiler-water 
teni})erature. 

With  Prof.  Keynolds's  equation  (1)  containing  the  two  terms  on 
the  right  side  as  bases,  the  relation  between  0  and  Oq  can  be  found  in 
a  similar  way.     In  this  case  it  is  assumed  that  {T  —  tj)  =  {T  —  t)=0. 
Thus  with  the  same  reasonuig  one  obtains 

(27)  -swdO  =  (AO  +  BcwO)dx. 

(28)  -^J^=(A  +  Bcw)dx. 

u 

Integrating  and  determining  the  constant  of  integration  we  have 

/on\  1      ^      Ax  +  Bcwx 

(29)  —  log-TT-  = ■ ,  or 

-       -     _Ax+Bcwx 
U  =  Uq6  sw 

According  to  equation  (26),  for  any  given  boiler  6  depends  only  on 
^0,  the  initial  temperature;  but  according  to  equation  (29),  d  depends 
also  on  the  weight  of  gases  passing  over  the  heating  surface  of  the 
boiler. 

In  the  derivation  of  equations  (26)  and  (29)  it  was  assumed  that 
the  temperature  of  the  dry  surface  was  the  same  as  that  of  the  steam 
in  the  boiler,  but  we  know  from  the  law  of  heat  conduction  that  there 
must  be  a  temperature  difference  between  the  tw^o  surfaces  in  order 
that  heat  shall  flow  through  the  metal  plate  and  its  coating.  The 
relation  between  the  temperature  of  the  dry  and  wet  surfaces  is  ex- 
pressed by  equation,  the  character  c  being  used  for  C  (18) : 

H=|  «,-<),  or 

Substituting  this  value  for  ^^  in  equation  (7)  we  get  the  correct 
expression  for  H : 
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Substituting  for  q  and  v  their  value  in  w,  sim])lifying,  and  making; 

^  =  (T  —  ^)  as  before,  we  have 

^^       C'wO 

(30)  -^^^^  =  c-TC^^^- 

Integrating  and  determining  the  constant  of  integration  we  obtain 
the  relation 

Cr 

(31)  d  =  OQe~c+Kw 

in  which  C,  c,  and  K  are  constants.  Equation  (30)  states  that  the 
temperature  of  gases  at  any  point  along  their  path  depends  on  the 
initial  temperature  and  also  on  the  weight  of  gases  passing  along  the 
path. 

Using  as  a  basis  the  equation  H  =  Ad  +  ^qv  (T  —  t^),  and  also  the 

relation  /^  =  —  + 1,  between  the  temperature  of  the  dry  and  w^et 

surfaces,  the  relation  between  the  initial  temperature  of  the  gases 
and  their  temperature  at  any  point  of  their  path  is  similarly  found 
to  be 

(32)  0  =  0^6    (c+Ad+Bkw)w 

where  A  and  B  are  the  same  constants  as  in  equation  (1),  c  the  average 
conductivity  of  the  heating  plate,  including  all  materials  between  the 
hot  and  the  wet  surface,  d  the  distance  between  the  surfaces,  and  Ar 
some  constant  to  be  determined  that  depends  on  the  specific  heat 
and  some  other  physical  properties  of  gases. 

Equation  (32)  states  that  for  any  given  boiler  the  temperature  of 
gases  at  any  point  x  of  the  gas  path  depends  on  the  initial  temperature 
of  the  gases  and  on  the  weight  of  gases  passing  over  the  heating 
surface  in  a  unit  of  time.  If  x  is  equal  to  the  length  of  the  gas  path, 
then  equations  (26),  (29),  (31),  and  (32)  give  the  temperature  of  the 
escaping  gases. 

RELATION  BETWEEN  THE  TRUE  BOILER  EFFICIENCY  AND  THE   WEIGHT 
OF   GASES   PASSING   THROUGH   A    BOILER. 

The  temperature  of  the  escaping  gases  being  determined,  the  true 
boiler  efficiency  can  be  determined,  as  follows: 

Let  <9i  =  the  temperature  of  the  escaping  gases  above  the  tempera- 
ture of  the  boiler  water,  and 
6*0  =  the  initial  temperature  of  the  gases  above  boiler-water 
temperature. 
Then  the  heat  available  for  the  boiler  is  proportional  to  d^,  and  the 
heat  absorbed  by  the  boiler  proportional  to  {6^  —  6^).     The  true  boiler 
efficiency  E^  is  expressed  by  the  general  equation 

(33)  E,  =  ^Y^\ 
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WEIQHTOF  QASES  PASSING  THROUGH  BOILER ^ 

Figure  53,— General  shapes  of  efl&ciency  curves  of  equations  (34),  (35),  (36),  and  (37). 

In  equation  (34)  E^  is  independent  of  the  weight  of  gases,  therefore 
the  efficiency  curve  is  a  straight  Hne  parallel  to  the  w  axis  as  shown  by 
curve  (34). 

The  curve  representing  equation  (35)  with  w  as  abscissae  is  a  loga- 
rithmic curve  starting  from  a  point  of  E4  =  100  and  w  =  0,  and  is 
asymptotic  to  the  curve  of  equation  (34).  This  latter  property  can 
be  readily  seen  by  examining  the  exponent  of  equation  (35);  if  w 
is  very  large  the  first  term  AZ  will  be  so  small  in  comparison  with  the 
second  term  that  AZ  can  be  dropped  out  and  the  exponent  will  reduce 
to  cl,  the  exponent  of  equation  (34). 

Equation  (36)  when  platted  gives  a  logarithmic  curve.     It  starts 

from  the  same  point  as  the  curve  of  equation  (34)  and  is  asymptotic 

to  zero  efficiency  line.     When  w  is  zero,  the  term  ^w  in  the  exponent, 

CI 
_ =— ,  reduces  to  zero  and  the  exponent  becomes  the  same  as  that 

c  +  ^w  ^ 

of  equation  (17).     When  w  is  infinitel}^  large  the  exponent  reduces 

to  zero  and  «  — ^k^  becomes  equal  to  1  and  therefore  E4  is  zero. 
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The  graph  of  equation  (37)  is  a  logarithmic  curve  starting  from  a 
point  of  E^  =  100  when  w  =  0,  and  is  asymptotic  to  zero  efficiency  Une. 
When  w  is  equal  to  zero  the  exponent  becomes  infinitely  large  and 
reduces  e—^^^Xd+mw)w ^'^  zero;  this  makes  the  efficiency  equal  to  100 
per  cent.  When  w  is  very  large  the  value  of  the  exponent  approaches 
zero. 

The  efficiencies  o])tained  by  equations  (36)  and  (37)  approach  zero 
when  the  weight  of  gases  becomes  very  large,  because  the  equations 
take  into  account  tlie  conductivity  of  the  plate,  which,  although 
great,  is  finite.  When  a  large  weiglit  of  gases  is  passed  over  the 
heating  surface  tlie  quantity  of  heat  imparted  to  the  dry  surface 
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Figure  54.— Shapes  of  eflBciency  curves  of  boiler  No.  1  when  platted  on  the  weight  of  air   passing 

through  the  flues  as  abscissae. 

becomes  large,  on  account  of  the  high  velocity.  Inasmuch  as  the 
conductivity  of  the  plate  is  constant,  the  temperature  difference 
(t^  —  t)  in  equation  (18)  must  be  increased  in  order  that  the  increasing 
quantity  of  heat  can  be  transmitted  through  the  plate.  Since  t  is 
approximately  the  temperature  of  the  boiler  water,  and  therefore  can 
not  be  lowered,  t^  continues  to  rise  until  it  nearly  equals  T,  the  tem- 
perature of  the  movmg  gases,  when  w  becomes  nearly  infinite.  Under 
such  a  condition  the  amount  of  heat  absorbed  by  the  boiler  is  a  finite 
quantity,  but  as  w  is  nearly  infinite  the  heat  available  for  the  boiler 
is  approaching  infmity.  The  true  boiler  efficiency  then  becomes  a 
ratio  of  a  finite  quantity  to  an  infinite  one. 

The  intrinsic  properties  of  the  four  equations  for  E4,  discussed  in 
the  preceding  paragraphs,  are  interesting  from  a  mathematical  point 
of  view  inasmuch  as  they  show  the  effect  of  the  various  factors. 
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Tiio  (HjiiatioiiH  (los<MV<^  (^sjx^cijLl  considiuatioii  I)<h'-uiih(>  i\\i'y  nic  (IimIn rd 
ill  ft  ratioiiuj  way  IVoin  riiii(lain<Mital  princJ|)l<^M  in  (li<^  ilwovy  of  licjit 
and  lli(^  (,h<i()ry  of  ^ascis.  To  a  piactical  inaii  tint  (Ujiiations  aio 
int(M-(>siiii<j;,  Ixu'auHo  within  tli<^  \vorkal)I(^  ran^(^  of  lli<^  rjito  of  luMit 
ti'ansfcr  tho  vnluo  of  10^  ()l)tain<^d  from  oiu)  (equation  a<^nM*s  fairly 
\V(4l  with  K.,  ohtaiiHMl  by  nu^iriH  of  another.  Monrovcr,  th<M>fhci<'.nci(^s 
tiius  calcuhi,t(ul  a;^i(M^  with  aclnid  resuUs  ohtaint^l  from  (experiments 
with  hiboralory  as  wi^ll  as  with  Jar^<^  l)oiI(MS.  Of  eoiirse  it  can  ho 
roftsonahly  (vxpecttul  that  (vpnition  (IS),  on  aceount  of  itH  containing 
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Figure  55.--Shapes  of  efficiency  curves  of  boiler  No.  2  when  platted  on  the  weight  of  air  passing 

through  the  flues  as  abscissae. 

the  largest  number  of  the  influential  factors,  gives  values  closest  to 
the  actual. 

The  true  boiler  efficiencies  of  all  the  tests  made  on  the  small 
boilers  were  platted  on  w,  the  weight  of  gases,  as  abscissae,  and  are 
given  in  figures  54,  55,  56*  and  57.  The  general  shape  of  the  curves 
in  these  figures  is  like  that  of  the  graph  of  equation  (37.).  In  figure 
56  the  sudden  rise  of  the  true  boiler  efficiency  after  w,  the  weight  of 
gases,  is  increased  above  0.005  pound  per  second,  can  not  be  explaiihed 
now.  It  seems  that  up  to  a  velocity  of  about  0.005  pound  per  second 
the  gas  flows  in  parallel  streams,  but  at  a  higher  velocity  violent 
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eddying  starts  in  the  gas  stream  and  increases  the  rate  of  heat  impar- 
tation,  thereby  raismg  the  efiiciency.  Tliis  factor  of  sudden  eddying 
is  not  embodied  in  any  of  tlie  equations. 

INFLUENCE  OF  THE  CROSS  SECTION  OF  THE  GAS  STREAM  ON  THE  RATE 
OF   HEAT    ABSORPTION    BY    CONVECTION. 

The  laboratory  experiments  have  shown  tliat  flues  of  small  diam- 
eter absorb  more  heat  from  each  pound  of  gas  passing  through  them 
than  do  flues  of  large  diameter  and  the  same  length,  altliough  the 
latter  flues  contain  more  effective  heating  surface.  Similarly  loco- 
motive boilers,  on  account  of  their  small  flues,  are  found  more  eflicient 
as  heat  absorbers  than  horizontal  multitubular  boilers  having  flues 
of  large  diameter.     These  facts  suggest  rather  strongly  a  general 
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Figure  56.— Shapes  of  efficiency  curves  of  boiler  No.  3  when  platted  on  the  weight  of  air  passing  through 

the  flues  as  abscissae. 

relation  between  the  cross  section  of  a  flowing  stream  of  gas  and  the 
effectiveness  of  a  heating  surface. 

At  the  beginning  of  the  section  on  convection  it  was  said  that  the 
rate  at  which  heat  is  imparted  to  the  dry  surface  depends  on  the 
number  of  gas  particles  coming  in  contact  with  the  surface. 
Obviously,  the  closer  these  gas  particles  are  to  the  surface  the  sooner 
they  will  reach  it  and  the  greater  the  number  of  contacts  each  will 
make  in  a  unit  of  time.  Now,  in  a  gas  pasSage  of  small  cross  section 
the  particles  of  gas  are  on  the  average  closer  to  the  dry  surface  than 
they  are  in  a  passage  of  a  larger  cross  section;  therefore  the  gas 
particles  in  the  small  passage  will  make  proportionately  more  contacts 
in  a  unit  of  time  than  the  gas  particles  in  the  large  passage.  This 
principle  can  be  more  specifically  illustrated  b}^  two  cylindrical  flues 
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■of  (li(r<>r<Mi(,  (ruiin(^((M-s.  Ki^^nin^  r)S  sliovvs  ii  croHS  Hcclion  of  l\v<.  llin/ 
tiilx^s,  oiM^  of  l-iiicli  diuFiu^lcr  iiiid  tJi<^  oUhm-  of  'J-incli.  U^t  ilu^  (IoIh 
ro|)roH<Mit  |)jirti('I<m  of  liot  ^\m^.  It  will  bo  hvvw  (liut  llio  HhorU^Ht 
(listjuico  from  any  <,nis  parliclo,  A,  in  tlu^  lii-st  dot  circles  of  \hi',  lur^'O 
tiil)0  to  tll<^  iioan^st  poirit,  r/,  of  dry  siirfnci^  is  Hm^hjiiik^  jih  tlio  nliortoHt 
(listuiu'<^  of  a  similar  dot,  A.  in  Hio  small  tulx^  IIow('.v<m',  tlio  ^ms 
particlo  does  .not  lUHrosHarily  mov(^  to  tho  m^an^st  |)oint,  a,  of  tlio  dvy 


100 

rr 

06 

\  \ 

\  \ 

\ 

y^ — 

90 

— 1- 

\ 

t 

\ 

\ 

\ 

■  \ 

\ 

\ 

86 

\ 

\ 

—\ — 

\ 

\ 

\ 

\ 

■  \ 

♦- 

\ 

> 

ij  8u 

\ 

\ 

\ 

\ 

tf 

\ 

\- 

-\ — 

\ 

o 

\ 

k 

5    70 

\ 

\ 

o 

.  \ 

UJ 

\ 

,    ^ 

tr 

-^ — 

\^ 

6   70 

CO 

-A" 

\ 

\ 

"  \ 

\ 

\ 

UJ 

\ 

vN 

\ 

^  ■ 

V 

f- 

\ 

\ 

\ 

65 

\\ 

Si 

\, 

■■■\ 

^ 

"^^ 

S^ 

\ 

^ 

>v^»0/i. 

60 

N 

/ 

^ 

h< 

c 

K 

<■- 

->^,.^ 

— — 

A 

^oor-^ 

L^ 

■~~— - 

■ . 

o 

— cr 





O 

05 

n 

50 

000 

.(X 

k 

.6* 

k 

'■.0( 

36, 

'  .ix 

55"  ■ 

.0 

lO 

.0 

2 

.0 

4 

.0 

6 

.0 

8 

AIR  PASSING  THROUGH  BOILER  PER  SECOND.  POUNDS. 

Figure  57.— Shapes  of  efficiency  curves  of  boiler  No.  4  when  platted  on  the  weight  of  air  passing  through 

the  flues  as  abscissae. 

surface  (circumference) ;  it  may  move  to  any  of  the  points  a^,  a^,  or  (X„. 
But  any  other  point  of  the  dry  surface  is  much  farther  from  the  gas 
particle  in  the  large  tube  than  is  a  point  similarly  located  in  the  small" 
tube,  and  therefore  the  average  distance  of  the  gas  particle  A  from 
the  points  of  the  dry  surface  is  greater  in  the  large  tube  than  in  the 
small  one.  In  hke  mamier  the  average  distance  of  any  gas  particle 
from  the  dry  surface  in  the  large  tube  can  be  shown  to  be  greater 
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tlian  the  disttuico  of  ii  siiuiJarly  lociited  gas  piirtic'lo  in  the  small  tube. 
Point  A  has  been  used  in  tlie  argument  because  at  lii-st  glance  it  may 
appear  to  be  the  same  distance  from  the  dry  surface  in  both  tubes. 
The  fact  to  be  borne  in  mind  is  that  any  gas  particle  in  the  flue  may 
come  in  contact  with  any  of  the  points  in  the  dry  surface.  The  factor 
that  determines  tlie  number  of  contacts  is  tlie  mean  distance  of  all 
the  gas  particles  within  tlie  tube  from  all  the  points  on  the  dry  surface. 
The  shorter  this  distance  the  quicker  the  gas  particles  make  contacts. 
It  hardly  needs  any  mathematical  proof  that  this  mean  distance  is 
always  larger  in  a  large  tube  than  in  a  small  one;  a  short  examina- 
tion of  figure  58  will  convince  a  reader  of  tliis  fact.  It  can  be  shown 
by  calculus  that  this  mean  distance  is  directly  proportional  to  the 
radius  of  the  tube. 


4- INCH   TUBE  2- JNCH   TUBE 

FiGUEE  58.— Cross  section  of  two  flues  showing  that  the  average  distance  of  the  particles  of  gases  to  the 
dry  surface  is  shorter  in  the  small  flue  than  it  is  in  the  large  flue. 

The  effect  of  varying  the  diameter  of  round  flues  on  the  temperature 

of  the  gases  flowing  through  them  and  on  the  true  boiler  efficiency 

can  be  determined  mathematically  by  introducing  the  radius  factor 

into  the  two  fundamental  equations  (1)  and  (7).     This  introduction 

can  be  made  by  expressing  the  velocity  of  gas  in  terms  of  the  radius 

of  the  flue.     First,  let  us  assume  that  T  —  ti  =  T  —  t  =  6.     Then  in  the 

equation  (7) 

lI  =  Cqvd, 

C{d  +  K)w        . 
v  = ^ ,  and 

C 
^^{d  +  Ky  ^s  before. 

Substituting  the  values  of  v  and  q  in  (6)  and  expressing  H  in  terms 
of  w  and  6  we  have 

(38)  —  swdd  =  — ^  X  27:rdx. 

From  this  differential  equation  we  obtain  in  a  similar  way,  as  from 
equation  (23),  the  expression  d^^  the  temperature  at  any  point  x  in 
the  flue,  in  terms  of  the  initial  temperature  and  the  radius  of  the  flue. 
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'Phoi'i^roii^  1h(>  (^\'|)r<^ssi()ii  for  IIk^  trii<^  hoiUir  <^(Ii<'Joiic-y  for  vaiyin^ 
dijunotor  of  lliu^s  in 

(40)  _ci 

Kqiuitioii  {'.v.))  stakes  iliui  with  \^n^  siiiik^  Icn^^'th  of  tubes  iind  lli(5 
same  initial  teniporaturo  (Ih>  liiuil  tcmpcrnlurc^  diops  as  tho  <liaiii(;ter 
of  tho  lluos  (locroasos.  TluMoforo  to  obtain  low  fbio-j^as  temixiraturo 
rodiico  tlio  dijunotor  of  tho  Ihios. 

Equation  (40)  states  that  with  tlio  samo  length  of  tu])os  lh(i  truo 
boiUM"  oincioiicy  increases  as  tho  dianic^ter  of  tho  lluos  decreases.  To 
obtain  higheHiciency  reduce  tho  diameter  of  flues. 

For  wator-tubo  boilers  we  might  reason  by  analogy  that  to  increase 
tho  efriciency  wo  shoukl  decrease  tho  ''hydraulic  mean  depth"  of. tho 
gas  passages. 

A  somewhat  more  compHcated  expression  for  E^  can  be  obtained 
when  starting  from  the  equation  (1) : 

H  =  A(T-0+B2v(T-fi). 

Assuming  again  that  (T  — f^)  =T  — ^  =  ^, 

Making  substitution  for  q^  and  v  as  before  we  have 

(41)  -  swdd  =  (kd  +  ^^^27:rdx. 

From  equation  (23)  we  get 

(42)  E,  =  l-e-^n^-^ 
where  cA  and  BK  are  constants. 

A  more  correct  expression  for  E4  could  be  obtained  by  introducing 
into  the  fundamental  equation  the  relation 

but  such  expressions,  on  account  of  their  complicated  form,  would 
hardly  have  more  value  than  the  two  expressions  (40)  and  (42). 
Equations  (39)  and  (40)  have  perhaps  the  greatest  practical  value  on 
account  of  their  simplicity.  They  are  not  as  clumsy  to  work  with  as 
they  at  first  appear  to  be ;  they  can  be  easily  handled  w^hen  reduced 
to  the  following  form : 
From  equations  (39)  (40) 

(43)  logA  =  logA-^ 

(44)  log,(l-EJ=-^ 

In  all  equations  in  this  bulletin  E  must  be  expressed  in  fractions 
of  a  unit  and  not  in  percentage. 
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COMPARISON    OF    THEORETICALLY    DEDUCED    RELATIONS    WITH    ACTUAL 

RESULTS. 

It  may  be  interesting  to  know  how  the  actual  results  obtained  from 
the  laboratoiy  experiments  with  small  boilers  agree  with  the  simple 
expression 

£4  =  1-6-7 

Boilers  Nos.  1,  2,  and  4  were  all  of  the  same  length,  but  the  flues 
were  of  different  diameters;  therefore  if  the  values  of  E4  which  were 
determined  experimentally  for  each  of  the  boilers,  and  the  values  r 
are  substituted  in  equation  (40)  cl  should  remain  constant.  The 
values  of  cl  have  been  calculated  and  are  given  in  Table  13  in  the 
horizontal  line  5.  As  shown,  these  values  remain  Yery  nearly  con- 
stant for  boilers  of  the  same  length.  For  boiler  No.  3,  which  was 
double  the  length  of  the  other  three  boilers,  this  value  is  about  25  per 
cent  lower,  and  for  boiler  No.  1  it  is  somewhat  higher  than  the  values 
for  boilers  Nos.  2  and  4.  The  true  boiler  efficiency  of  boiler  No.  3  needs 
to  be  raised  only  about  4  per  cent  to  bring  the  value  of  cl  to  the  aver- 
age. It  is  to  be  regretted  that  the  experiments  had  to  be  discontinued 
before  tests  were  made  with  double-length  flues  of  the  larger  diam- 
eters, 0.230  and  0.293  inches.  Results  of  tests  with  larger  tubes 
would  perhaps  be  more  regular.  As  shown  by  tha  humps  in  the 
efficiency  curves  of  boilers  Nos.  1  and  3  (figs.  54  and  56),  there  seems 
to  be  a  somewhat  irregularly  varying  factor  which  becomes  more 
prominent  with  small  tubes. 

Table  13. —  Values  of  cl  in  equation  (40)  calculated  from  results  of  laboratory  experiments 

with  small  boilers. 


Boiler  No . 


Diameter  of  flues inches.  .|    0. 175 

Length  of  flues,  I do... 

True  boiler  eflSciency per  cent. .  I  78 

Value  of  cZ I      .265 

Value  of  c2l 


0.230 
S 

65.5 
.245 


0.293 
8  ■ 
57 
.247 


0.175 

16  a 

88 
.186 
.372 


a  This  value  is  21. 


Figure  59  shows  graphically  the  relation  between  the  efficiency 
and  the  diameter  of  the  flues  as  given  by  equation  (40).  Each  of 
the  curves  gives  the  relation  for  one  constant  length  of  the  flues. 
The  sohd  points  denote  the  results  of  the  experiments  ^^dth  the 
small  boilers;  hollow  points  signify  values  calculated  from  the  equa- 
tion. The  lower  curve  is  of  more  significance  inasmuch  as  it  has 
three  points  experimentally  determined.  The  value  of  the  constant 
cl  used  in  platting  this  curve  was  0.245.     The  upper  solid  curve  has 
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luuvii  plaMcul  willi  (Ik^  <'.(msl.uiil,  d  ('(jiiul  In  0.1  SO,  mid  lli<i  dolti'd 
liiK^  with  (li<>  sn,in<^  c-oiisliuit  its  was  iirt<Ml  for  f  lu^  lowest  (Mirvo.  Ait^^ii- 
(ion,  is  <*,iiII(m1  I<>  l!l<^  furl  (Init  alMi(Mi«;li  IIm^  dilVi'n'ncn  Ix-lwcrn  iJio 
(wo  <'-()iistjiiits  (Mn|)loy(ul  in  I'.ulcidHliofj  w  us  nlxml  J.")  prr-  cent,  iK^vcir- 
IIh'Kns  tlio  ono  oxj)(M-iin(Mjln,l  point  docs  not  full  very  fur  from  tlio 
<uu*vo  of  tln^  hi^lier  constant. 
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Equation  (39)  states  that  the  temperature  of  the  escaping  gases  is 
directly  proportional  to  the  initial  temperature,  both  temperatures 
being  counted  above  the  temperature  of  the  boiler  water.  This 
relation  means  that  if  the  initial  temperature  is  doubled  the  temper- 
ature of  the  escaping  gases  is  doubled,  or  if  the  initial  temperature 
is  tripled  the  final  temperature  is  tripled.     To  test  this  approximate 
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relation  the  initial  and  final  temperatures  of  tests  made  on  boilers 
No.  2  and  No.  3  have  been  [)latted  and  are  given  in  figures  60  and 
61.  Only  the  curves  are  shown  in  the  figures,  the  points  having 
been  omitted  after  the  curves  were  determined,  inasmuch  as  the 
points  fell  within  a  very  narrow  band.  In  the  figures  each  curve 
gives  the  above  relation  for  one  constant  pressure  drop  ("draft") 
of  the  gases  through  the  boiler.  These  pressure  drops  are  indicated 
with  figures,  as,  for  example,  16  IN.  P.  D.,  which  means  a  pressure 
drop  of  16  inches  of  water  through  the  boiler.  The  arrows  point  to 
the  curve  to  which  tlie  figures  apply.  Thus,  referring  to  the  figure, 
when   the  initial   temperature  is   about  300°  F.   above   the  boiler- 
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Figure  60.— Relation  between  the  temperature  of  air  leaving  boiler  and  the  temperature  of  air  entering 

boiler.    Boiler  No.  2. 

water  temperature  the  final  temperature  is  about  100°  F.  above 
that  of  the  boiler  water.  When  the  initial  temperature  is  600°  F. 
above,  the  final  temperature  is  about  200°  F.  above  that  of  the 
boiler  water,  or,  both  temperatures  are  doubled.  If  the  initial 
temperature  is  raised  to  1,200°  F.  above,  the  final  temperature  is 
raised  to  about  450°  F.  above  that  of  the  boiler  water;  in  this  case 
both  temperatures  are  about  quadruples  of  those  in  the  first  case. 

It  will  be  noticed  that  the  curves  of  higher  pressure  drops  are 
somewhat  higher;  that  is,  when  more  gases  are  formed  through  the 
boiler  the  final  temperature  rises  a  little  faster  than  in  proportion  to 
the  rise  in  the  initial  temperature.     This  extra  rise  in  the  final  tem- 
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poraturo  is  known  to  Ix^  (llI<^  to  tln^  iis<5  of  toinjx^nitun^  of  tli<5  dry 
HiirfiK'i^  of  IIh^  luMitiji^  |)lji,to  (liK^  lo  a  lii<;li(U*  vnU)  of  lioiit  tninHnii.sHioii. 
It  Inis  IxHMi  iicconntiMl  foi-  in  forniiiliis  (iiJ),  (.'J7),  and  (42).  ]Jy 
aolocJ.injj;  tln^  ])r()|)(U'  <*,oiistants  tli(^  «^ni[)li  of  (ujuation  (.TJ)  hoii1<1  bn 
iniulo  to  iVfi^Viw  ulinost  oxuc-tly  with  any  curves  in  ii;^nn'os  (>()  and  01. 
It  is  a  ((nmtion  wliothor  tlio  (^xtra  troubles  in  handling  tli<^  r.nndx^r- 
soino  (Mjuation  {'.V2)  would  Ix^  siilIi<*J(Mitly  nnvardnd  ])y  Mk^  small 
incroaso  in  accuracy.  A  sinij)!!^  c(juation  is  f;i,r  nion^  prefix-able  for 
practical  ])r()blcins,  althou^jjh  it  may  not  bo  as  accurate  as  a  more 
complicated  one.  Furtbermore,  by  usin^  fair  jud^miuit  one  C}i,n 
reduce  considerably  tlu^  <M-ror  due  to  the  inaccuracy  of  the  (vpia- 
tion. 
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Figure  61.— Relation  between  the  temperature  of  air  leaving  boiler  and  the  temperature  of  air  entering 

boiler.    Boiler  No.  3. 

In  figure  61  the  curves  are  much  nearer  straight  lines  than  the 
curves  of  figure  60,  showing  that  the  simple  equation  (39)  holds 
much  better  for  longer  tubes. 

Figures  62  and  63  show  how  the  true  boiler  efiiciences  of  the  three 
boilers  having  flues  of  constant  length  but  of  different  diameters 
vary  with  the  weight  of  gas  passing  through  the  boilers  and  with 
the  pressure  drops  through  the  boilers. 

The  curves  show  (a)  that  the  efficiency  is  higher  mtli  tubes  of 
smaller  internal  diameter;  and  (b)  that  be^^ond  certain  values  of  the 
pressure  drops  or  the  weight  of  gas  passing  through  the  boiler  the 
efficiency  is  nearly  constant.     The  simple  equation  (40)  is  applicable 

57537°— Bull.  18—12 9 
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only  to  this  horizontal  portion  of  the  curves.  For  the  portion  of  the 
curves  before  they  become  neariy  horizontal  equation  (42)  should 
be  used.  One  may  say,  then,  that  for  high  rates  of  working  the 
simple  equation  is  fairly  accurate,  but  that  it  can  not  be  used  when 
the  gases  move  slowly  and  tlie  boiler  is  working  at  low  capacity. 
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—Effect  of  diameter  of  flues  on  the  shape  and  the  location  of  the  true  boiler  eflBciency  curves. 
Curves  platted  on  the  weight  of  air  passing  through  boiler  as  abscissae. 


On  the  whole,  the  agreement  between  the  results  obtained  from 
the  experiments  and  the  relation  derived  by  mathematical  reasoning 
is  good.  It  shows  that  the  direction  taken  by  Prof.  Reynolds  and 
followed  by  Prof.  Perry  in  the  rational  study  of  the  problem  of  heat 
impartation  to  the  heating  plates  of  a  boiler  by  convection  is  right 
and  that  the  principles  developed  by  these  two  pioneers  are  indeed 
well  worthy  of  further  study. 
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TIIK    AHIMTV    or    llOlLKIt    WA'IKIt     I'O    AliS'lHAC'l'    IIKAI"    IIJOM      Mil'.     UF.T 

SrilKACK. 

It  has  boon  (^xpljiincd  (lia,i  llic  licul  rcnclics  IIk^  dry  surface  \>y  ron- 
veciion  nnd  by  rjidial  ion  and  lluil  it  is  tli<Mi  I  rausmll  ted  jliroii^di  llic 
])lato  to  tli(^  W(^t  surl'a('(i  jxirely  l)y  condiictioii.  'J1io  laws  wliich 
govoni  iliose  modes  of  lieat  tvaiismissiori  havo  ])Oon  disrussod  in  tlieir 
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Figure  63.— Effect  of  diameter  of  flues  on  the  shape  and  the  location  of  the  true  boiler  efficiency  curves. 
Curves  platted  on  the  pressure  drop  of  air  through  boiler  as  abscissas. 

special  application  to  each  part  of  the  path  of  the  heat  travel.  It  has 
been  stated  in  a  general  way  that  the  boiler  water  abstracts  the  heat 
from  the  wet  surface  almost  entirely  by  convection.  The  general  law 
of  convection  discussed  in  the  preceding  chapter  is  applicable  to  this 
part  of  the  path  traveled  by  the  heat. 
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Tlie  wet  surface  of  the  heating  plate  has  been  defined  as  a  thin 
region  in  the  film  of  water,  or  perhaps  water  and  steam,  next  to  the 
metal,  where  the  heat  ceases  to  travel  by  conduction  and  starts  to 
travel  by  convection.  Wlien  the  heat  enters  this  region  perhaps  it 
may  raise  the  temperature  of  the  water  somewhat,  but  mostly  it  is 
absorbed  by  the  change  of  the  water  into  steam.  This  steam  is  then 
torn  away  from  the  metal  and  replaced  by  water.  Thus  the  heat 
enters  the  film  of  water  containing  the  wet  surface  by  conduction  and 
is  taken  from  it  by  convection;  that  is,  the  particles  of  water  entering 
the  wet  surface  come  in  contact  with  the  metal  and  absorb  heat  from 
it  by  conduction;  then,  after  changing  into  bubbles  of  steam,  they  are 
removed  and  are  replaced  by  fresh  particles  of  water.  Inasmuch  as 
the  exchange  of  steam  bubbles  for  particles  of  water  is  brought  about 
by  the  current  or  circulation  of  the  boiler  water,  the  process  of  heat 
transfer  is  convection.  The  particles  of  water  may  be  likened  to 
empty  buckets  and  the  steam  bubbles  to  full  buckets  of  a  heat  con- 
veyer. It  can  be  seen  that  the  quantity  of  heat  taken  from  a  unit  of 
area  of  the  wet  surface  depends  upon  the  number  of  steam  bubbles 
leaving  it;  the  faster  the  steam  bubbles  are  taken  out  of  the  film  the 
higher  will  be  the  rate  of  heat  exchange  between  the  wet  surface  and 
the  boiler  water.  Since  the  absorption  of  heat  by  the  water  changes 
the  latter  into  steam  and  does  not  raise  its  temperature — that  is,  since 
the  addition  of  heat  is  manifested  by  the  change  of  state — there  is 
probabty  little  or  no  temperature  difTerence  between  the  wet  surface 
and  the  body  of  the  boiler  w^ater.  On  account  of  the  high  density  of 
water  and  its  high  latent  heat,  its  heat-absorbing  capacity  is  very 
great.  Therefore  in  the  wet  surface  of  the  heating  plate  the  displace- 
ment of  the  steam  bubbles  by  water  is  much  slower  than  is  the 
exchange  of  the  hot  and  cold  particles  of  gas  in  the  dry  surface.  In 
this  latter  case  the  heat  is  sensible,  and  not  only  is  the  specific  heat 
of  the  gas  low,  but  the  gas  itself  is  so  light  that  a  large  volume  must 
make  contact  with  a  unit  area  of  dry  surface  to  impart  to  it  the  same 
quantity  of  heat  as  the  water  can  abstract. 

Thus,  at  the  average  furnace  temperature  of  1,750°  F.  the  density 
of  furnace  gases  is  only  about  one  thirty-two  hundredth  that  of  the 
water  in  the  boiler,  and  the  specific  heat  is  about  one-fourth.  If  the 
average  gas  particle  is  reduced  by  each  contact  with  the  unit  of  dry 
surface   by   1,000°   F.,   the   relative   amount   of  heat  given    up    is 

XjX  1,000  =  ^9-0.     A  small  unit  volume   of  water  is  able  by 


3,200     4     ^  12.8* 

virtue  of  its  latent  heat  to  absorb  relatively  about  900  X  12.8  =  11,520 
times  as  much  heat  as  an  equal  volume  of  gas  is  able  to  impart  through 
a  reduction  in  temperature  of  1,000°  F.  Even  if  the  effective  wet 
surface  be  reduced  by  the  steam  bubbles  to  one-half,  the  w^ater  has  a 
considerable  advantage  above  the  gas.     This  high  concentration  of 
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\wi\.{   ill  a  siiuill  volimid  (»f  wil((T  r<is(unl)l(*s  i]\o  lii^'li  density  in   iIm^ 
trcncnil  Ijivv  of  coiiviH'l  ion  lor  lluids. 

Tlio  ])r(>('(Mlinj^  (ij^un^s  justify  tlic^  statement  that  the.  boiler  water 
will  al)sorl)  from  tlu^  wot  stirfarn  nil  t  he  hejit  t  hat,  tlic^  pisas  ran  impart 
to  th(i  (liy  snrfae.i^  Tlio  natural  water  eireulation  in  many  hoihTs  is 
undoubtodly  suflicient  to  re.j)la('.(i  by  water  tlio  Ht<Mim  bubbles  fnrnicd 
in  thn  wot  surfaco,  ov(MI  though  tlu^  ralo  of  tlieir  formjiti(»n  were 
several  tinuvs  what  it  is  at  ])resent  boiler  cjipacit  i(^s. 

ADVANTAGES  GAINED    liV    IIEDICINCJ  THE  TEM  PEIIATT  HE  OF    THE  OASES 
BEFORE    TIIEV    PASS    TIIIIOUGII    THE    BOH. EH. 

It  has  boon  sudioiontly  j)r()von  that  the.  tcunporatun^  of  the,  ^ascs 
heaving  a  boik^r  varios  ahnost  diroclly  as  Ihi^  tcMujxu'ature.  of  tho  gases 
ontoring  tho  boik^r,  both  tompcraturos  ])oing  reckoned  al)()ve  that  of 
tho  boik^r  water;  tho  k)wor  tho  ontcrnig  temperature  tho  lower  the 
k^aA'ino;  temperature.  It  is  obvious  that  if  two  boilers  liavo  exactly 
similar  ccmslruction  and  baflling,  tho  j];ases  in  the  one  which  is  so  set 
that  it  receives  more  heat  by  radiation  from  the  furnace  will  have 
the  lower  initial  and  fuial  temperatures,  and  the  efTiciency  of  this  boiler 
will  be  the  higher.  The  gases  themselves  radiate  but  little  heat  to  the 
boiler,  but  part  of  the  heat  generated  by  the  combustion  of  the  fuel  is 
radiated  by  tho  hot  fuel  bod,  the  flames,  and  the  furnace  directly  to 
the  boiler  and  is  never  absorbed  by  tho  gases.  Therefore  the  latter 
enter  the  boiler  at  a  lower  temperature  than  they  would  if  they 
absorbed  all  the  heat  generated  in  the  furnace.  This  means  that  any 
heat  which  the  boiler  gets  directly  by  radiation  is  a  clear  gain.  Of 
course  the  presumption  is  that  the  combustion  and  air  supply  is  the 
same  in  all  cases. 

Specihc  illustration  can  be  made  with  two  similar  boilers  of  the 
standard  Heine  type  of  bafilmg  and  setting.  Assume  that  in  one  of 
the  boilers  the  first  baffle  is  formed  by  tiles  which  entirely  encircle  the 
lowest  row  of  tubes,  whereas  ui'the  other  the  baffle  is  formed  by  flat 
tiles  lymg  on  top  of  the  lowest  row  of  tubes  so  that  the  tubes  are 
exposed  to  direct  radiation  from  the  fuel  bed  and  flames.  In  the 
fu-st  setting  the  boiler  is  screened  by  the  tile  roof  and  can  not,  there- 
fore, cool  the  fuel  bed  and  the  luminous  flames  so  readily  as  the  second 
boiler.  Consequently  the  temperature  of  the  furnace  and  that  of  the 
gases  entering  the  tube  chamber  will  be  lower  in  the  second  boiler 
than  in  the  first  one,  because  the  former  has  already  absorbed  part  of 
the  heat  from  the  furnace  by  radiation.  The  result  will  be  that  the 
second  boiler  will  have  lower  flue-gas  temperature  and  will  show 
higlier  efficiency. 

The  engineering  experiment  station  of  the  University  of  Illinois 
made  two  series  of  tests  on  the  same  boiler.  One  series  was  made 
with  the  boiler  having  a  tile  roof,  the  first  setting  described  above; 
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the  second  series  was  made  with  llio  tile  roof  removed;  that  is,  the 
first  baffle  was  formed  as  in  the  second  setting  described  above  in  the 
second  case.  The  second  series  of  tests  showed  flue-gas  temperatures 
considerably  lower  and  the  over-all  efliciency  from  3  to  5  per  cent 
higher,  demonstrating  that  the  absence  of  the  tile  roof  allowed  the 
boiler  to  absorb  a  considerable  percentage  of  the  total  heat  by  radia- 
tion from  the  fuel  bed,  furnace  walls,  and  flames.  The  furnace  of  this 
particular  boiler  was  equipped  with  a  chain  grate  stoker.  On  these 
tests  very  little  smoke  was  made  with  either  style  of  the  first  bafile. 
The  absorption  of  heat  from  the  fuel  bed  and  the  flames,  if  carried  to 
an  extreme,  might  result  in  incomplete  combustion  and  smoke. 

SUMMARY    OF   PRINCIPAL   DEDUCTIONS. 

When  fuel  burns  in  a  boiler  furnace  most  of  the  heat  generated  is 
immediately  absorbed  by  the  gases  that  result  from  combustion. 
These  gases  then  pass  over  the  heating  surface  of  the  boiler  and  im- 
part the  heat  they  contain  to  the  boiler;  this  heat  impartation  takes 
place  almost  entirely  by  convection.  The  gases  then  act  as  a  con- 
veyor of  heat;  that  is,  they  carry  the  heat  from  the  burning  fuel  to  the 
''dry  surface"  of  the  boiler  plate.  Therefore  the  amount  of  heat  a 
boiler  receives  per  unit  of  time  depends  to  a  great  extent  on  the  utili- 
zation of  the  heat-conveying  or  convecting  properties  of  the  gases. 

The  conductivity  of  the  metal  forming  the  heating  plate,  even 
though  the  plate  has  a  moderate  amount  of  coating,  is  so  high  that 
any  quantity  of  heat  that  can  be  imparted  to  the  dry  surface  b}^  con- 
vection can  be  transmitted  through  the  heating  plate  without  difficulty. 
Water  has  such  high  heat-abstracting  ability  that  it  can  absorb  heat 
as  fast  as  the  heating  plate  is  able  to  conduct  it.  The  slowTiess  of  the 
process  of  heat  transmission  into  a  boiler  is  due  to  the  slo^vness  with 
which  heat,  in  present  practice,  is  imparted  to  the  dry  surface. 

It  has  been  shown  that  the  rate  at  which  the  gases  transfer  heat  to 
the  dry  surface  of  the  boiler  depends  on  the  following  factors: 

(a)  On  the  difference  of  temperature  between  the  gas  and  the  dry 
surface. 

(b)  On  the  density  of  the  gas. 

(c)  On  the  velocity  at  which  the  gas  flows  over  the  dry  surface. 
As  to  the  first  factor  it  must  be  said  that  boiler  furnaces  always  should 

be  operated  at  the  most  economical  temperature.  Generally  this  is 
not  the  highest  practicable  temperature,  as  the  necessary  reduction 
of  the  air  supply  may  cause  part  of  the  combustible  to  escape  un- 
burned  from  the  furnace ;  further,  a  very  high  temperature  may  not 
be  desirable  on  account  of  expensive  repairs  on  the  fire-brick  lining  in 
the  furnace.  Considering  these  two  limitations  the  temperature 
should  be  as  high  as  feasible  in  order  to  make  the  quantity  of  heat 
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iivaila])Io  as  lar^o  as  poHsibh^  In  wcll-ninna^^rd  |)l)iiils  iImi  lurna<u«s 
aro  ojx^raUMl  at  llui  Ix^st  (U'-oiiomical  t/(^in|)(U*aliirn  nnd  UKin^fom  tlicro 
is  not  iiiiich  chaiico  of  iin|)r()V(Uiiont  by  inc.roasinj^  tho  first  factor. 

TJio  (huisity  dopcuuis  on  tlio  absolute  trniporatum  of  tlui  ^asc.s  and 
is  tlKWolom  fix(Ml  wIkwi  th()  (cnipt^raturo  is  dc^torniincMl. 

Tlio  velocity  of  jj;ns(u)us  |)rodiic,ts  of  cond>iistion  is  indcpcn(l(;nt  of 
tlioir  tonipcuatuio  and  their  density  and  thcjioforo  can  Ini  incrcascid  at 
will  wliomwor  a  liijjjhor  rate  of  steam  prodnction  is  desinnl.  It  is  this 
velocity  factor  which  onabhvs  locomotive  Jind  iiiiirirui  boilers  to  pro- 
duce stoam  at  two  or  three  times  the  rate  customary  with  stationary 
boilers.  ]n  the  first  two  ty])es  of  boilers  double  or  triple  capacity  is 
obtained  by  forcinjj;  over  their  lieatin^  surface  two  or  three  times  the 
weight  of  gases  at  two  or  tliree  times  tlie  velocity.  The  same  results 
can  be  ofi'ected  in  stationary  boilers;  their  capacity  can  be  increased 
several  times  by  forcing  several  times  the  weight  of  gases  over  their 
heating  surface  at  several  times  the  velocity. 

It  has  also  been  shown,  both  by  the  results  of  experiments  and  by 
theoretical  considerationc,  that  more  heat  can  be  abstracted  from  the 
same  weight  of  gas  if  the  length  of  the  gas  passage  is  increased  or 
the  cross  section  of  the  passage  is  reduced ;  the  second  condition  must 
always  include  the  reduction  of  the  ^'hydraulic  mean  depth"  of  the 
gas  stream.  Both  of  these  conditions  increase  the  number  of  con- 
tacts the  particles  of  gas  make  with  the  dry  surface.  With  any  given 
velocity,  lengthening  the  gas  path  lengthens  the  time  during  which 
each  particle  can  make  contacts  with  the  dry  surface ;  reducing  the  cross 
section  or  the  ''hydraulic  mean  depth"  reduces  the  mean  distance 
of  each  particle  of  gas  from  the  dry  surface  of  the  plate  so  that  the 
particles  of  gas  can  reach  the  surface  in  less  time,  and  in  the  same 
available  length  of  time  make  more  contacts.  Abstracting  more  heat 
from  the  gases  means  higher  boiler  efficiency.  The  length  and  the 
cross  section  of  a  gas  path  is  really  the  arrangement  of  the  heating  sur- 
face with  respect  to  the  gas  stream,  so  that  one  may  say  that  the 
efficiency  of  the  boiler  depends  on  the  arrangement  of  the  heating  sur- 
face with  respect  to  the  flow  of  gases. 

The  preceding  deductions  can  be  summarized  in  the  following  brief 
statements: 

The  capacity  of  a  boiler  can  be  increased  by  forcing  a  greater  weight 
of  gases  through  the  boiler. 

The  efliciency  of  a  boiler  as  a  heat  absorber  can  be  increased  by 
arranging  the  heating  surfaces  in  such  a  way  that  the  gas  passages 
are  long  and  of  small  cross  section,  so  that  they  have  a  small 
^'  hydraulic  mean  depth." 


PART  V. 

APPLICATION  OF  THE  LAWS  OF  HEAT  TRANSMISSIOIS 
TO  STEAM  PLANTS  AND  STEAM-BOILER  AND  STEAM- 
PLANT  DESIGN  AND  TO  STEAM  BOILERS  ALREADY 
INSTALLED. 

APPLICATION    OF    LAWS   TO    STEAM-BOILER    AND    STEAM-PLANT 

DESIGN. 

The  application  of  the  principles  of  heat  transmission  offers  an 
excellent  opportunity  for  economic  improvements  in  the  steam- 
boiler  as  well  as  in  steam-plant  design.  It  seems  feasible  to  increase 
the  capacity  of  boilers  several  times;  and  at  the  same  time,  by  prop- 
erly arranging  the  heating  surfaces  in  the  boilers,  to  raise  the  effi- 
ciency perhaps  several  per  cent.  Increasing  the  capacity  of  boilers 
would  reduce  the  first  cost  of  the  installation,  and  consequently  less 
interest  would  have  to  be  paid  on  a  smaller  investment.  Increasing 
the  efficiency  would  reduce  the  coal  bill.  Under  such  conditions 
power  could  be  produced  much  more  cheaply  than  it  is  at  present. 

INCREASING   CAPACITY. 

Considering  the  high  heat  conductivity  of  metals,  there  is  no  reason 
why  boilers  could  not  be  made  to  generate  steam  at  three  or  four 
times  the  rate  they  do  at  present  by  simply  forcing  about  three 
or  four  times  the  weight  of  gases  over  their  heating  surfaces.  This 
may  be  considered  a  conservative  statement,  as  much  higher  rates 
are  possible  and  have  been  attained. 

It  may  at  first  seem  that  the  power  required  to  force  such  large 
quantities  of  gas  through  the  boilers  would  be  so  great  that  the  cost 
of  installing  and  operating  the  '^  draff  appliance  would  offset  any 
gain  from  the  increased  capacity  of  the  boiler.  However,  such  is 
not  the  case.  It  is  true  that  the  power  required  to  push  the  gases 
through  the  boiler  increases  as  the  cube  of  the  capacity  the  boiler 
develops,  so  that  to  triple  the  capacity  of  a  boiler  the  power  required 
to  push  the  gases  would  have  to  be  increased  3^,  or  27  fold;  or,  to 
quadruple  the  capacity  the  fan  power  would  have  to  be  4^,  or  64  times 
as  large  as  for  single  capacity.  The  one  feature  that  makes  high 
capacity  ^  possible  is  the  fact  that  the  power  really  consumed  in  ordi- 

oRay,  W.  T.,  and  Kreisinger,  Henry,  The  significance  of  drafts  in  steam-boiler  practice.    Bulletin 
21,  Bureau  of  Mines.    62  pp^ 
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nary  vnso.H  in  piisjun*;  (Ju^  j^jlsc.h  lliioni^li  iliv.  hoilci-  nnd  riiiimcc,  Jh  so 
small  tliat  v>von  al'tor  it  is  innltipliiMl  by  (M  it  still  nMiiairis  only  a 
small  fraction  of  tluit  dcwolopcMl  in  tho  boiUu*.  Distrusf,  in  llio  possi- 
bility of  woikinj^  steam  l)oil(MS  lianh^r  rests  on  past  exix'ricnco. 
Kn^inciMS  ai'O  accustomed  to  liear  that  tlio  steam  conMum])(ion  in 
mcclianicnl-drjift  jipplinnccs  is  from  1  to  2  per  cent  of  llie  total  sl<')im 
generated  by  tjie  boilers  wliich  aic^  s<M'ved  by  tlie  aj)pli}inces.  With 
such  extravagant  "draft"  ])i*o(hictions,  of  course  larg(^  increase  of 
boiler  capacity  would  not  be  ])racticable.  Thus,  suj)pose  that  a  fmi 
producing  "draft"  for  a  boiler  battery  at  ordinary  rales  of  steaming 
consumes  12  ])er  cent  of  tlie  steam  generated  in  tho  batt(M-y.  If  the 
capacity  is  to  bo  (pnidruj)led,  the  fan  would  a])parently  liave  to  do  4'*, 
or  64  times,  as  much  work  as  before.     Since  4  times  th(^  capacity  is 

64  X  2 
developed,  tlie  steam  consumed  would  be — r —  =  32  per  cent  of  the 

total  steam  generated  at  the  cjuadrupled  capacity.  This,  of  course, 
is  a  considerable  percentage,  Jiigh  enough  to  make  any  commercial 
consideration  out  of  question. 

However,  a  little  more  detailed  investigation  will  show  that  with 
present  mechanical-draft  outfits  about  90  per  cent  of  the  energy  that 
can  be  developed  from  the  steam  consumed  in  the  fan  engine  is 
wasted  in  the  crude  ineflicient  engine,  in  the  still  cruder  fan,  and  in  the 
long  leaky  gas  or  air  ducts  having  many  sharp  turns;  and  that  only 
about  10  per  cent  is  actually  expended  in  pushing  the  gases  through 
the  furnace  and  boiler.  The  power  actually  needed  to  force  the  gas 
through  the  boiler  can  be  easily  figured  from  the  volume  of  gas  to  be 
displaced  per  minute  and  the  pressure  against  w^hich  the  gas  must  be 
moved.  This  power  in  foot-pounds  is  equal  to  the  product  of  the 
pressure  in  pounds  per  square  foot  and  the  cubic  feet  of  air  displaced; 
the  follomng  expression  gives  it  in  horsepower: 

_T  pressure  (lbs.  per  sq.  ft.)  X  cu.  ft.  gas  displaced  per  minute 
Horsepower  = 33,000"° 

In  specific  cases  the  power  expended  in  pushing  gases  from  the  ash 
pit  to  the  base  of  the  stack  or  to  the  uptake  can  be  figured  as  shown  in 
the  following  illustration : 

Assume  that  in  a  battery  of  boilers  ordinarily  developing  1,000 
boiler  horsepower  the  equivalent  evaporation  is  9  pounds  of  water 
per  pound  of  dry  coal  of  average  quality,  and  that  it  takes  15  pounds 
of  air  to  burn  1  pound  of  dry  coal;  then  the  figures  are: 

TKT  •  i.^    s^        11,         J  •      .       1,000X34.5     ^^  ^  , 

Weight  01  coal  burned  per  minute= — q     ^^ —  =  63.9  pounds. 

Weight  of  air  used  per  minute  =  63.9  X  15  =  958.5  pounds. 

Volume  of  air  per  minute  =  958.5  X  13  =  12,460  cubic  feet. 
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Ordinarily  the  pressure  drop  from  ash  pit  to  uptake  seldom  exceeds 
0.  75  inch  of  water,  but  for  convenience  let  the  pressure  drop  in  this 
case  be  taken  as  1  inch. 

One  inch  of  water  =  ^0  =  5- 16  pounds  per  square  foot. 

„                       12,460X5.16      .  ^^ 
Horsepower  = qq^qoo ^ 

Now,  according  to  the  cube  law,  if  the  capacity  of  this  battery  is 
to  be  quadrupled  the  power  needed  to  move  the  gases  would  be  4^,  or 
64  times  1.95,  which  is  approximately  125  horsepower. 

Surely  in  a  unit  of  this  size  one  engine  brake  horsepower  ought  to 
be  produced  with  one  boiler  horsepower,  and  fans  having  an  efficiency 
of  75  per  cent  can  be  built.  With  such  outfits  the  consumption  of 
steam  for  the  quadruple  capacity  would  then  be 

125 

T-TTTTTT— -=r^  =  4.2  per  cent  of  the  total  steam  generated. 
4,000  X  .75  ^  ° 

When  one  considers  that  in  big  power  stations  power  is  produced 
in  large  electrical  units  at  about  half  the  steam  consumption  assumed 
above,  and  also  remembers  that  the  fans  could  be  driven  electrically, 
the  quadruple  capacity  appears  commercially  very  feasible — especially 
if  by  proper  arrangement  of  the  heating  surfaces  the  efficiency  of  the 
boilers  is  increased. 

If  one  considers  the  sizes  of  fans  usually  seen  in  power  plants  at 
present,  he  may  perhaps  make  the  objection  that  if  the  capacity 
of  boilers  were  quadrupled  the  fans  would  be  so  large  that  they 
might  take  up  the  greater  part  of  the  space  saved  by  making  the 
boilers  do  more  work.  There  is,  however,  no  substantial  reason 
for  fearing  such  conditions.  The  fans  used  at  present  are  unduly 
large  because  of  their  low  efficiency;  in  different  constructions  the 
efficiency  ranges  from  80  down  to  10  per  cent,  and  in  most  is  perhaps 
much  closer  to  10  than  to  80  per  cent.  Fast-running  fans  of  large 
capacity  and  high  efficiency  are  now  being  put  on  the  market. 
Such  fans  could  be  easily  placed  under  or  above  the  boiler  they 
were  to  serve  without  being  conspicuous  on  account  of  their  size. 

As  an  example  of  the  feasibility  of  increased  boiler  capacity,  the 
reader  is  referred  to  United  States  Geological  Survey  Bulletin  No. 
403",  wherein  are  described  21  tests  made  on  a  water-tube  boiler  of 
the  United  States  torpedo  boat  Biddle.  This  particular  boiler  had 
a  total  heating  surface  of  2,776  square  feet.  It  would,  therefore, 
be  rated  in  land  practice  as  a  277.8-horsepower  boiler.  On  some  of 
the  tests  as  much  as  915  boiler  horsepower  were  developed — about 
3.3  times  its  rating  in  land  practice — and  still  higher  capacity  was 

oReprmt.ed  as  Bulletin  33,  Buieau  of  Mines. 
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possibles  A  blowing  inn  lorccd  ibci  uir  dircclly  into  Iho  liro  room; 
i\w  hiiUn'  was  as  luuirly  air-ti«;hl-  as  praclicabbi  and  was  kept  under 
pn^ssunv  'Vlw  whiu^l  of  {\n\  fan  was  5  U'cl  in  diani(5t(M'  and  I  1  incbciS 
wid(^  \l  was  pbiccd  (bnurlly  on  \\n)  lin^-roojn  wall  and  lind  no 
casing,  l)u(-  was  in'otocU^d  by  a  wire  Hereon.  TJio  bbid(;s  v^vvo  curved 
in  IJk^  din^etion  opposite^  to  tlie  rotation  of  the  wh(!el.  At  the  bi^li 
b()il(U'  capacily  nicnt iontul  th(^  spcu^l  of  tlie  fan  was  about  <sr>()  revolu- 
tions per  niinulc,  and  tlu^  power  recpiin^l  was  about  15  h()rs(^])ower. 

The  question  may  be  asktui,  Wliy  arc  the  fans  used  at  present  so 
crude  and  ineflicient?  The  answer  is  that  the  manufactuHT  had  to 
sell  tlieni  cheaply  in  order  to  sell  them  at  all,  and  cheapness  and 
good  desi<j^n  and  elliciency  in  apparatus  do  not  ^o  toj^etlier.  Really, 
there  was  Jiardly  anything  to  be  jjjained  by  more  reiined  and  ellicient 
mechanical-draft  outlits.  Suppose  that  tlio  steam  consumption 
would  by  refined  a])paratus  be  reduced  from  2  per  cent  to  J  per  cent 
of  the  steam  generated  in  the  boiler,  would  any  plant  manager  be 
wiUing  to  pay,  say,  double  the  price  for  the  installation  of  a  more 
ellicient  mechanical-draft  apparatus  to  save  at  most  IJ  per  cent  of 
the  steam  ? 

Another  objection  that  can  be  made  to  forcing  steam  boilers  to 
high  capacity  is  the  alleged  higher  moisture  in  the  steam.  Here 
again  one  can  refer  to  locomotive  and  tor])edo-boat  boilers;  these 
types  of  boilers  are  working  at  about  three  times  the  rate  customary 
in  stationary  boilers  and  work  under  conditions  favorable  to  priming; 
still  there  is  no  particular  trouble  from  moisture  in  steam.  At 
large  steam-turbine  plants,  where  steam  is  highly  superheated, 
complaints  of  higher  moisture  in  steam  are  not  heard. 

In  designing  a  steam-generating  apparatus  to  produce  steam  at 
high  rates,  probably  the  greatest  dilliculties  will  be  met  in  the  furnace. 
To  produce  four  times  the  weight  of  hot  gas,  four  times  the  weight 
of  coal  must  be  burned  in  the  same  time.  To  burn  coal  thus  rapidly 
without  large  losses  through  incomplete  combustion  of  gases  and 
tar  vapors,  driven  off  from  the  soft  coals  upon  heating,  and  losses  in 
sparks — losses  which  always  accompany  the  high  capacity  of  the 
locomotive  and  torpedo-boat  boiler — the  furnace  would  have  to  be 
the  larger  part  of  the  steaming  apparatus. 

To  prevent  the  escape  of  unburned  gases  and  tar  vapors,  the 
principle  of  slow  heating  "  should  be  used  in  stoking  the  coal,  in 
order  to  avoid  the  distillation  of  heavy  hydrocarbons  which  are 
difhcult  to  burn.  Combustion  space  should  be  provided  in  which 
to  burn  the  lighter  and  more  quickly  burning  compounds. 

In  the  locomotive  and  torpedo-boat  boiler  the  grates  are  com- 
paratively small,  so  that  in  order  to  force  a  large  quantity  of  gases 
through  the  fuel  bed  the  velocity  of  the  gases  must  be  high.     This 

a  Bulletin  33,  Bureau  of  Mines,  p.  44. 
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high  velocity  Hfts  small  particles  of  burning  coal  from  the  fuel  bed 
and  carries  them  througlx  the  boiler.  To  avoid  the  loss  from  sparks 
in  stationary  boilers,  the  velocity  of  the  gases  through  the  fuel  bed 
should  be  kept  so  low  as  not  to  start  the  sparks  on  their  way  to  the 
stack.  This  end  can  be  attained  by  increasing  the  grate  area. 
The  increase  in  the  grate  area  will  also  reduce  the  resistance  to  the 
flow  of  the  gases  and  thereby  reduce  the  power  needed  to  push  the 
gases  through  the  fuel  bed.  The  velocity  through  the  boiler  itself 
should  be  high,  so  as  to  carr}^  through  the  boiler  any  solid  particles 
that  might  settle  on  the  heating  surface.  If  the  gases  flow  faster 
through  the  boiler  than  through  the  fuel  bed,  it  is  obvious  that  any 
solid  substance  that  has  been  light  enough  to  be  lifted  from  the 
fuel  bed  will  surely  be  carried  through  the  boiler  by  the  higher 
velocity.  The  work  of  H.  G.  Stott  and  W.  S.  Finlay,  jr.,  discussed 
in  subsequent  pages  (pp.  147-155)  of  this  bulletin,  shows  a  good 
method  of  increasing  the  grate  area.  To  burn  four  times  the  weight 
of  coal  on  double  the  grate  area  would  require  much  less  pressure 
drop  through  the  fuel  bed  than  if  it  had  to  be  done  on  the  present 
small  grates.  Increasing  the  grate  area  would  reduce  the  fan  work 
considerably. 

From  the  foregoing  discussions  it  can  be  seen  that  the  obstacles 
in  the  way  of  higher  boiler  capacities  are  superficial,  and  if  the  great 
advantage  in  the  reduction  of  the  fLrst  cost  of  a  boiler  plant  is 
considered,  it  seems  that  the  high-capacity  boiler  is  bound  to  come 
in  the  near  future.  This  reduction  in  boiler  plant  will  give  steam 
power  a  greater  advantage  over  gas  power  in  large  central  stations. 

GAS  AND  STEAM  POWER  AS  COMPETITORS  IN  LARGE  CENTRAL  STATIONS. 

A  few  years  ago  the  gas  engine  apparently  threatened  to  displace 
the  steam  engine,  and  even  the  steam  turbine,  wherever  mechan- 
ically feasible;  that  is,  wherever  real  estate  was  cheap.  It  has  not 
done  so,  however,  and  if  one  seeks  the  reason  why  it  has  not  he 
has  only  to  ponder  some  figures  in  a  paper  by  Wilham  L.  Abbott, 
chief  operatmg  engineer  of  the  Commonwealth-Edison  Company  of 
Chicago." 

Mr.  Abbott  states  that  of  the  total  operating  revenue  received  by 
large  central-station  companies,  50  per  cent  goes  out  for  ''fixed 
charges,"  consisting  of  interest  or  dividends  on  investment,  sinking 
fund,  or  depreciation,  taxes,  and  insurance;  30  per  cent  for  operating 
expenses  of  all  kinds  whatsoever,  and  20  per  cent  for  general  expen- 
ses, including  salaries  of  general  officers,  advertising,  rentals,  etc.  Of 
the  30  per  cent  spent  for  operating  expenses,  20  per  cent  goes  for  coal; 
in  other  words,  only  6  per  cent  of  the  company's  gross  operating  in- 
come goes  for  fuel. 

a  Electrical  World,  vol.  54,  October  28, 1909,  pp.  1025-26. 
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Mr.  Abbott  H|)oci(i(willy  states  that  tb(!  fuel  saving  attained  by  a 
gas-en<^nii(^  pbiiit  would  b<^  moic,  thiin  overcome  by  tbe  Jieavier  iixcul 
cliarj^es  on  siieh  a  ])bmt;  especially  would  this  iiold  if  th(5  heavier 
hibor  costs  in  «^as-en;^iii(^  ])lants  usiii*^  ])roducers  an^  taken  into  con- 
sideration. Now,  it  is  easy  to  see  tiiat  a  ^as-enj^ino  j>hint  that 
would  sav(^  half  i  he  coal  (an  inij)robablo  attainment)  would  sav(5  only 
3  ])er  cent  of  tlu^  ^ross  operatinjjj  revenue,  and  that  tlu^  incn^asod 
labor  costs  alone  mi<^ht  approach,  the  savin<^,  not  to  consider  the 
added  bond  interest. 

The  followiiiic  figures  of  the  cost  of  installation  of  st(^am-turbin(^ 
plants  and  of  p]'()(lue(M*-<^as  enjjjino  ])lants  of  lar^o  ca|)acities"  uro 
taken  from  a  chart  compiled  by  Edwin  I).  Dreyfus. 

Cost  of  installation  of  steam-turbine  and  of  producer-gas  engine  plants. 


Total  plant  ca- 
jnu'ily  In- 
stalled. 

Cost  of  stcam- 
turbino  ])lanl 
per  kilowatt. 

Cost    of   pro- 
(liiccr-Kas  en- 
gine plant  per 
kilowatt. 

Kilowatts. 
4,(H)0 
8,000 
12,000 
16,000 
20,000 
24,000 
28,000 

Dollars. 
75 
65 
58 
53 
49 
47 
46 

Dollars. 

110.00 

104.00 

102. 00 

100. 00 

99.00 

98.50 

98.30 

The  cost  of  hibor  Dreyfus  gives  as  19  to  13  per  cent  of  the  total 
power-plant  charge  in  the  steam  plant  and  from  23  to  20  per  cent  in 
the  gas-producer  plant. 

The  above  status  of  the  comparison  is  present  day.  It  has  been 
repeatedly  pointed  out  in  this  bulletin  that  there  are  bright  pros- 
pects of  getting  two  or  three  and  perhaps  four  times  the  amount  of 
steam  from  a  given  boiler-house  investment  at  a  higher  efficiency 
than  is  usual  at  present.  If  steam  power-house  builders  should  put 
as  much  extra  money  into  air  preheaters,  fans,  economizers,  etc.,  as 
the  advocates  of  gas  engines  desire  put  into  gas  installations,  the 
additional  equipment  would  work  some  surprises;  whether  the  greater 
investment  would  be  sound  commercial  economy  in  most  cases  the 
authors  of  this  bulletin  do  not  undertake  to  say. 

It  is  well  kno^vn  that  in  modern  turbine  power  plants  the  boiler 
room  is  the  costly  portion;  if  it  be  assumed  (probably  safely  for  our 
purpose)  that  only  one-fourth  of  an  felectricity-suppl}"  company's 
money  is  in  its  powerhouses,  and  that  three-fifths  of  this  latter  invest- 
ment is  in  the  boiler  rooms,  then  to  reduce  the  boiler-room  invest- 
ment only  one-half  would  reduce  the  total  bond  interest  7.5  per  cent, 
a  liberal  dividend  on  the  average  amount  of  capital  stock — and  it 

a  "Prime  movers  for  central  stations,  their  economic  relation,"  a  paper  read  by  Edwin  D.  Dreyfus 
before  the  Association  of  Iron  and  Steel  Electrical  Engineers,  September  28, 1911. 
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must  be  borne  in  mind  that  such  companies  always  will  be  run  for 
the  benefit  of  the  stockliolders. 

The  reader  will  surmise  by  this  time  that  the  imminence  of  new 
competition  was  the  best  thing  that  ever  happened  to  steam  engi- 
neering; it  is  altogether  possible  that  the  rapid  strides  now  being 
made  in  boiler-turbine  plants  will  keep  them  commercially  in  advance 
of  gas  installations,  so  far  as  one  can  now  see,  except  in  those  cases 
where  gas  is  to  be  had  for  next  to  nothing  or  as  a  by-product. 

INCREASING    EFFICIENCY. 

By  applying  the  principles  of  heat  transmission  developed  in  the 
general  discussion  it  would  be  possible  to  design  with  fair  accuracy 
a  boiler  for  any  desired  efficiency.  It  has  been  shown  that  the  effi- 
ciency of  a  boiler  can  be  increased  by  increasing  the  length  of  gas 
path  or  by  reducing  the  cross  section  of  the  gas  passages.  By  the 
latter  is  meant  the  cross  section  of  each  elementary  stream  and  not 
the  sum  of  all  of  them,  as  for  example  in  the  locomotive  boiler  it  is 
the  cross  section  or  the  size  of  the  tubes  which  determines  the  effi- 
ciency and  not  the  number  of  tubes.  In  other  words,  the  reduction 
of  cross  section  must  reduce  the  ''hydraulic  mean  depth"  if  the 
efficiency  is  to  be  increased.  The  ''hydraulic  mean  depth"  is  the 
quotient  of  the  area  of  the  cross  section  of  the  gas  stream  divided  by 
the  perimeter  formed  by  the  heating  surface  of  the  boiler  and  touched 
by  the  gases.  Thus,  if  the  size  of  the  tubes  in  fire-tube  boilers  is 
reduced,  the  area  is  decreased  in  proportion  to  the  square  of  the 
diameter  of  the  tubes,  whereas  the  perimeter  is  reduced  only  in  pro- 
portion to  the  first  power  of  the  diameter;  therefore  the  quotient,  or 
the  hydrauhc  mean  depth  decreases  in  proportion  to  the  diameter 
of  the  tube.  If,  however,  the  size  of  tubes  is  kept  the  same  but 
their  number  is  reduced,  then  the  area  decreases  at  the  same  rate 
as  the  perimeter,  and  therefore  the  "hydraulic  mean  depth"  remains 
constant. 

In  a  similar  way  the  effective  reduction  in  the  cross  section  of  the 
gas  stream  in  a  water-tube  boiler  is  attained  only  by  placing-  the 
water  tubes  closer  fogether  and  not  by  reducing  the  number  of  tubes 
or  baffling  the  boiler.  So  that  to  be  effective  a  reduction  in  cross 
section  of  the  gas  stream  must  always  be  accompanied  by  a  reduc- 
tion of  "hydrauhc  mean  depth,"  or  the  mean  distance  of  the  particles 
of  gas  from  the  dry  surface.  The  last  expression  mil  perhaps  appeal 
best  to  the  reader  inasmuch  as  the  reasoning  back  of  it  is  a  Httle 
plainer — the  closer  the  gas  particles  are  to  the  dry  surface  the  more 
contacts  they  can  make  with  it  in  a  unit  of  time.  The  reasoning  for 
a  long  gas  path  is  that  the  longer  the  path  the  longer  the  time  for  the 
gas  to  pass  over  the  heating  plate  and  the  more  contacts  the  gas  par- 
ticles make  with  the  dry  surface. 
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Tt  has  IxM'ii  shown  Muil-  lor  fiic-tiilx^  hoilcr-s  llic  rcljition  Iwtwcon 
tlio  tnio  l)()il(»r  cHicu^Ticy  imd  I  lie  Icn^^^lli  iiixl  <lijirn('-t<'r  of  I  lie  tiilxis 
can  1)(^  appioxiinatoly  expressed  hy  I  lie-  ecination 

_cl 

The  Halations  cnn  Ix^  sliown  hcMcM"  hy  llu^  ^raj)lucal  representation 
of   tliis   eciuaiioii   ^iven    in   ii<^ur<^s   (M    and    or).     TlK^se    two    eJiurls 


\ 

1 

— \ 

\ 

, 

\ 

t 

\ 

\ 

\ 

\ 

\ 

\\ 

R 

\ 

\ 

\ 

\ 

\ 

>! 

1 

\ 

\ 

\ 

\ 

A 

\ 

\ 

\ 

\ 

o 

\ 

\ 

\ 

\ 

\ 

M 

\ 

\ 

\ 

\ 

\ 

oo 

\ 

\ 

\ 

1, 

\ 

\ 

\     \ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\     "^ 

\ 

\ 

\ 

\ 

\ 

\ 

-r 

\ 

\ 

\ 

\ 

\ 

\ 

\\ 

V 

\ 

\ 

\ 

\ 

\ 

rN 

\ 

k. 

\ 

\ 

\         \ 

A 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

s  "^ 

4v 

>.      \ 

\ 

-> 

\, 

\ 

\ 

\, 

\ 

\ 

\ 

\\ 

\ 

\. 

\ 

\ 

\ 

\ 

\^ 

k\ 

Nj 

\ 

\ 

\. 

\, 

\ 

U^ 

\" 

\^ 

X 

\ 

\ 

\ 

\ 

\ 

^ 

\ 

N^ 

^\ 

[\\ 

\ 

\ 

\ 

^ 

Vx 

\ 

\ 

N 

x^ 

A 

\ 

N 

^^ 

^ 

\ 

^ 

^ 

^v. 

^_^ 

""^ 

^^^ 

^ 
"^^ 

.^^     S 

^ 

07^ 

-^ 

■^-^ 

^ 

^ 

IvPT^ 

"AJT?^ 

^ 

^^■»~ 

^■^ 

"      ■ 





c! 

!) 

c 

d 

5 ' 

' c 

C 

5 

C 

o 

a 

OS 

a 


CO  01 

3  »-. 

I-  « 

0  ^ 

1  o 


•1N30  a3d  'AON3ioiji3  aaiioa  3nai 


enable  anyone  to  solve  for  the  unknown  value  when  the  other  two 
are  given,  without  complicated  calculation.  Both  figures  are  based  on 
the  dimensions  and  efficiency  of  the  locomotive  boiler  tested  by  the 
United  States  Geological  Survey  at  the  Seaboard  Air  Line  shops, 
Portsmouth,  Va.^     The  tubes  of  this  boiler  were  2  inches  in  diameter 


c  For  complete  report  of  these  tests,  see  Bulletin  34,  Bureau  of  Mines. 
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by  14  feet  in  length,  and  the  true  boiler  efTiciency  was  ap])roxiniately 
80  per  cent.  Tliis  one  set  of  values  is  given  in  the  two  figures  by 
tlie  solid  small  circle.  Other  values  were  figured  and  platted  by 
means  of  equation  (40).  Tlie  values  obtained  from  these  figures 
are  therefore  more  particularly  adaptable  to  locomotive  boilers. 

Each  curve  in  figure  64  shows  how  the  efTiciency  varies  with  the 
length  of  the  tubes  when  the  diameter  remains  at  the  constant 
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value  indicated  on  each  curve.  Thus,  on  the  curve  of  2-inch  diam- 
eter when  the  length,  given  at  the  base  of  the  figure,  is  14,  the  true 
boiler  efficiency  is  80  per  cent,  the  starting  point.  Now,  if  one 
wishes  to  know  how  long  tubes  of  the  same  diameter  would  have 
to  be  to  give  a  true  boiler  efficiency  of  90  per  cent,  he  should  follow 
the  curve  of  2-inch  diameter  until  he  reaches  the  horizontal  line  of 
90  per  cent,  and  from  the  point  of  intersection  drop  a  vertical  line  to 
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Wu)  scaler  lit  i\u)  r<)(>l.  (>r  (Iki  c.harl,;   this  scnl<^  shows  (Imt,  lii(<  Irn^lli 
luusL  ])(»  'JO  f(u^l.. 

Most  Jiorizoiilal  FUiill.iluhiilar  hoilc-rs  liavo  Ul\u^H  'M)  inclics  in 
diainotor  and  ahonl.  I(>  feel  lnnl,^  what  is  thinr  Iiim'  hoih-r-  ('iWcwiwy  i 
follow  i]w  (•iirv(>  of  .S.r)-iiich  (haiiu^lcr  until  the  vcrlicnl  hno  sturtin^^ 
from  tli(^  point,  of  lO-fooi-  h^i^^th  is  nuich(Ml;  tJicn  fioni  th(^  intc^rscc- 
tion  follow  th(^  liorizontal  lino  to  tlu^  <^Mici<'n('y  scah^  on  th(^  left. 
Tills  scalo  iruli(',jLt,(^s  tlu^  oHic.ioiicy  of  1h<^  ninhit nhiihir  hoiirr  to  ho 
ahout  ()5  j)nr  cont. 

Supposo  a  l)oil('r  (losi<i;n(M"  wishes  to  (losij];n  a  boih^r  that  will  have 
a  truo  boilor  odicioncy  of  95  ])or  ccmt,  and  wants  to  iis(^  tubes  of  1 
inch  diamotor,  liow  lonjj:  will  tho  tubes  liave  to  be?  Follow  the 
curve  of  1  inch  diameter  until  the  ediciency  line  of  95  jxt  c(;nt  is 
reached;  the  ima<:;inary  vertical  hue  indicates  that  the  length  of  tho 
tubes  must  be  about  12.75  feet. 

By  following  any  constant  ediciency  line  one  finds  that  as  the 
diameter  is  doubled  the  kuigth  is  doubled,  so  that  it  is  possible  to 
say  that  tubes  having  a  constant  ratio  of  diameter  to  length  have 
also  constant  efliciency,  no  matter  what  the  diameter  or  the  length 
or  the  heating  surface  may  be. 

The  curves  of  figure  65  give  the  relation  between  the  true  boiler 
efficiency  and  the  diameter  of  tubes  for  constant  lengths  indicated  on 
each  curve.  This  chart  can  be  used  to  advantage  to  find  any  one 
of  the  three  factors  when  the  ether  two  are  given,  but  it  was  partic- 
ularly designed  for  finding  the  diameter  of  the  tubes  requu*ed  for 
any  given  length  and  efficiency. 

Thus,  suppose  a  boiler  designer  has  to  design  a  special  boiler  having 
90  per  cent  efficiency  and  the  place  w^here  the  boiler  is  set  up  is  such 
that  the  tubes  can  not  be  more  than  10  feet  long,  what  size  tubes 
should  the  designer  use?  Take  the  curve  of  constant  length  of  10 
feet  and  follow  it  to  the  intersection  point  with  the  horizontal  line 
of  90  per  cent  efficiency;  from  this  point  drop  a  vertical  line  to  the 
scale  at  the  foot  of  the  chart.  The  diameter  is  found  to  be  a  little 
over  1  inch.     The  designer  should  use  1-inch  tubes. 

Again,  suppose  that  it  is  desirable  to  lengthen  by  6  feet  the  grate 
and  combustion  space  of  a  locomotive  bofier  without  increasing 
the  total  length  of  the  locomotive.  At  the  same  time  it  is  required 
that  the  efficiency  should  be  raised  about  5  per  cent.  Under  such 
conditions  the  necessary  furnace  length  can  be  gained  by  shortening 
the  tube  part  of  the  boiler  by  6  feet  and  by  decreasing  the  diameter 
of  the  tubes.  At  present  the  length  of  the  tubes  is  14  feet  and  the 
diameter  is  2  inches ;  the  tube  length  of  the  modified  bofier  will  then 
be  8  feet.  T^Tiat  should  be  the  diameter  of  tubes  if  the  efficiency 
is  to  be  raised  from  80  to  about  85  per  cent  ?  To  solve  this  problem, 
take  the  curve  of  constant  length  of  8  feet  and  follow  it  to  its  inter- 
57537°'  -Bull.  18—12 10 
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section  point  with  the  horizontal  Une  of  85  per  cent  eiliciency ;  this 
intersection  point  comes  very  close  on  the  vertical  line  of  1  inch 
diameter.  For  the  modified  boiler,  then,  the  tubes  should  be  8 
feet  long  and  1  inch  in  diameter. 

Although  the  authors  are  confident  that  the  relations  shown  by 
the  curves  of  figures  64  and  65  are  fairly  close  to  the  truth,  never- 
theless they  wish  to  emphasize  that  the  curves  are  presented  only 
to  illustrate  how  the  dimensions  of  fire-tube  boilers  could  be  easily 
determined  with  mathematical  accuracy  for  any  desired  true  boiler 
efficiency,  if  the  exact  relations  for  these  sizes  of  tubes  were  first 
determined  by  experiment.  At  present  there  is  no  boiler  designing 
based  on  the  principles  of  heat  transmission.  The  various  impor- 
tant relations  are  merely  guessed  at,  and  the  boiler  builder  sells  his 
boilers  with  guaranteed  efficiencies  which  he  is  never  sure  can  be 
realized.  As  a  result  of  this  guesswork,  one  often  comes  across 
results  of  commercial  tests  that  could  not  be  duplicated  and  would 
not  stand  a  close  examination. 

It  may  be  objected  that  tubes  of  small  diameter  will  become 
choked  with  soot  and  cinders.  This  objection  was  probably  first 
made  by  the  builder  of  the  stationar}^  fire-tube  boiler;  still  the 
locomotive  boiler  builder  in  the  attempt  to  increase  the  heating 
surface  used  tubes  of  half  the  diameter  commonly  found  in  sta- 
tionary boilers ;  the  proof  that  this  reduction  of  tube  diameter  was 
'^practical"  and  that  there  is  no  serious  trouble  from  the  choking  of 
the  small  tubes  is  that  thousands  of  locomotives  are  in  use.  Fur- 
thermore, the  flues  of  well-kept  boilers  are  cleaned  in  some  plants 
every  day,  so  that  there  is  little  chance  for  them  to  get  choked. 

What  has  been  suggested  for  the  fire-tube  boiler  can  be  applied 
equally  well  to  water-tube  boilers.  Here,  too,  the  principles  of  heat 
transmission  can  be  applied  to  increase  the  efficiency.  To  quicken 
the  rate  of  heat  flow  from  the  gas  to  the  dry  surface  bring  the  gas 
close  to  the  metal  by  reducing  the  gas  spaces  between  the  tubes 
through  the  use  of  smaller  tubes  placed  closer  together;  in  other  words, 
reduce  the  '^  hydraulic  mean  depth"  of  the  gas  passages.  For  the 
parallel-flow  type  of  boiler  the  relation  between  the  efficiency  and  the 
''  hydraulic  mean  depth  "  is  probably  the  same  as  for  fire-tube  boilers. 
An  exact  determination  of  this  relation  would  certainly  be  of  great 
value  to  the  steam-engineering  industries.  In  the  cross-flow  types 
of  boiler  the  relation  would  very  likely  be  complicated  by  an  extra 
factor,  the  eddying  caused  by  the  expansion  and  contraction  of  the 
gases. 

In  general,  it  can  be  said  for  all  boilers  that  whatever  increases  the 
ratio  of  the  length  of  the  gas  path  to  the  "  hydraulic  mean  depth  "  of 
the  cross  section  of  the  path,  increases  the  efficiency  of  the  boiler. 
This  ratio  can  be  increased  either  by  increasing  the  length  of  the  gas 
path  or  by  reducing  the  '^hydraulic  mean  depth." 


i 


APJ»TJ{1ATI()N    OK     rilK    LAWS    Ol"    IIKA'I     I HANHM IKSION.  147 

T\m  Icn^l  li  of  I  Im^  jjjhs  |)m(  Ii  cum  be.  iiici'cuscd  nithor  hy  inrn-asiii;^  t  h(» 
I(Mi<^lli  of  tli(^  l)(>il(M*,  or  hy  hnlllin^j;  in  such  a  way  lluit,  \\\(\  ^ascs  will 
])asM  siicc(^ssivi^ly  tljroii<^li  (iid'cn^rit  j)ar(s  of  (ho  hoiicT;  in  olhcr  words, 
by  piiltiuj]j  parts  of  iho  ]i(^aiin<ij  snrfacx^  in  scri(^s  with  one,  niiolhcr. 

In  tlio  wator-tubo  typo  of  boihu',  i\\i)  us(i  of  J  iib(;s  of  small  diani<'.t(T 
would  tend  to  incroaso  (ll(^  work  of  cloanin*^  iho  boilcT  inlcTnaiiy. 
In  ])lauts  having  coruhuisors  this  obji^otion  would  not  im  sorious,  and 
in  small  jdanls  without  cond<Mis(^rs  th(^  sca](^-formin^  in^nidicnts 
could  1)0  chomically  j)rocij)ital(ul  and  romovod  from  (h(i  wat(T  bcf  r(3 
foodinj^  it  into  tho  boilor. 

APPLICATION  OF  THE  LAWS  OF  HEAT  TRANSMISSION  TO  STEAM 
BOILERS   ALREADY   INSTALLED. 

Tho  application  of  somo  foatun.s  of  tho  laws  of  boat  transmission, 
doducod  from  tho  ox])ornuoiiial  work  of  tho  tochnologic  brancli  of  tlie 
United  States  Geol()<2jical  Survey  and  tho  investigations  of  others, 
to  steam  boilers  already  installed  is  considered  hero.  It  is  not  prac- 
ticable in  the  case  of  an  existing  plant  to  take  advantage  of  all  the 
improvements  that  the  principles  of  heat  transmission  suggest. 
For  example,  it  is  unpractical  to  replace  a  small  number  of  large  flues 
m  a  multitubular  boiler  by  a  large  number  of  small  ones,  or  to  exchange 
the  large  tubes  of  water-tube  boilers  for  a  larger  number  of  small 
tubes  placed  very  close  together;  in  other  words,  it  is  not  feasible 
to  increase  the  efficiency  of  such  boilers  as  heat  absorbers  by  de- 
creasing the  ''hydraulic  mean  depth''  of  the  gas  passage.  On  the 
other  hand,  it 'is  possible  to  increase  the  output  of  a  boiler  already 
mstalled,  by  pushing  through  it  a  larger  quantity  of  gases;  or,  it  is 
possible  to  increase  its  efficiency  by  inserting  baffles  in  such  a  way 
as  to  put  parts  of  the  boiler's  heating  surface  in  series.  The  authors 
have  noted  an  application  of  each  of  the  possible  methods,  just  men- 
tioned, of  utilizing  more  fully  the  heating  surfaces  of  a  boiler  to  obtain 
higher  capacity  and  higher  efficiency.  The  plans  in  each  case  are  so 
original  in  conception  that  they  deserve  more  than  casual  mention 
and  are  therefore  discussed  somewhat  in  detail. 

INCREASING    THE    CAPACITY    OF    A    BOILER    BY    FORCING    THROUGH    A 
GREATER  WEIGHT  OF  GASES.       WORK   OF   STOTT   AND    FINLAY. 

H.  G.  Stott  and  W.  S.  Finlay,  jr.,  of  the  Interborough  Rapid  Transit 
Co.,  New  York  City,  have  added  a  stoker  under  the  rear  end  of  each 
of  several  Babcock  &  Wilcox  boilers.  This  additional  stoker  per- 
mitted the  burning  of  nearly  twdce  as  much  coal,  resulting  in  twice 
the  weight  of  gases  of  combustion  being  pushed  through  the  boiler 
at  nearly  twice  the  velocity,  and  making  the  boiler  absorb  nearly 
twice  as  much  heat  as  when  served  with  a  single  stoker.  The  over- 
all efficiency  decreased  very  little. 
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The  steam-generating  apparatus  used  in  these  tests  is  shown  in 
figure  66,  equipped  with  two  stokers.  The  boiler  is  a  standard  Bab- 
cock  &  Wilcox  of  cross-flow  construction;  it  was  originally  served 
only  with  the  front  stoker,  which  is  a  Roney.  The  stoker  added  in 
the  rear  is  of  the  same  make,  but  somewhat  smaller.  Table  14  gives 
the  principal  dimensions  of  the  boilers  and  furnaces  on  which  com- 
parative tests  were  run. 

Table  14. — Principal  dimensions  of  boilers  and  furnaces  used  in  Stott-Finlay  tests. 


Single 
stoker. 


Double 
stoker. 


Heating  surface square  feet. 

Grate  area: 

Front do. . . 

Rear do . . . 

Area  of  flue  at  breeching do. . . 

Height  of  stack  above  grate: 

Front feet. 

Rear do. . . 

Area  of  stack: 

Base square  feet. 

Top do... 

Boilers  to  a  stack number. 

Approximate  combustion  space cubic  feet. 


0,008 
100 


20 
218 


201 

177 

12 

570 


6,008 

100 
80 
20 

218 
222 

201 

177 

12 

1,160 


The  tests  with  the  double-stoker  boiler  were  made  during  Septem- 
ber and  October,  1907.  The  results  are  compared  with  tests  made 
during  the  first  ^Ye  months  of  the  year  1905  on  a  similar  boiler 
equipped  with  a  single  stoker.  Abstracts  of  the  data  and  results  are 
given  in  Tables  15  and  16. 

Table  15. — Abstracts  of  data  and  results  of  tests  on  single-stoTcer  boiler. 


Test 

Total 

dry  coal 

burned 

per  hour. 

Pressure  drop  (in 

inches  water)  from 

atmosphere  to — 

Flue-gas 
tempera- 
ture. 

CO2  in 

flue 
gases.o 

Boiler 
horse- 
power 
devel- 
oped. 

Square 
feet  of 
heating 
surface 

per 
boiler 
horse- 
power. 

Ordinary 
boiler 
effi- 
ciency. 

B.  t.  u. 

presumably 

number. 

Furnace.a 

Uptake. 

liberated 
per  hour. 

21 

Pounds. 
1,693 
1,507 
1, 376 
1, 630 
1,661 
1,882 
1,843 
1,088 
2,004 
1,955 
1,908 
2,275 
2,409 
2,638 
2,378 
2,600 
2,588 
2,454 

,0. 104 
.148 
.152 
.202 
.240 
.249 
.306 
.348 
.399 
.441 
.406 
.543 
.602 
.654 
.703 
.752 
.908 
.830 

°F. 

Per  cent. 

486 
478 
429 
516 
511 
570 
533 
489 
572 
559 
549 
634 
654 
793 
642 
703 
674 
651 

12.37 

12.57 

14.00 

11.64 

11.77 

10.54 

11.27 

12.28 

10.50 

10.75 

10.94 

9.47 

9.18 

7.58 

9.36 

8.55 

8.92 

9.24 

Per  cent. 
66.10 
73.83 
73.50 
74.22 
72.07 
72.21 
68.95 
68.85 
65.83 
67.61 
65.73 
65.40 
63.46 
68.76 
62.36 
63.40 
60.61 
62.10 

24,500,000 
21,5C0  000 

60 

57 

596 
601 
572 

19  420  000 

56 

23  200  000 

49 

23  650  000 

20 

26,310  000 

50 

613 
023 
706 

25, 700  000 

51 

23  680  000 

52 

29  000  000 

53 

27,500.000 

61 

28,840.000 

58 

32  330  000 

15 

34  320  000 

16 

38,400  000 

17 

34  320  000 

18 

37,920,000 
37, 080, 000 
34,910,000 

59 

19 

a  Not  recorded. 


\ 
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Figure  66.— Double-stoker  boilor  of  the  Interborough  Eii|)kl  Transit  Co.  of  New  York  City. 
67537°— Bull.  18—12.    (To  face  page  148.) 
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Tahi.k    10.-     Abslntrts  of  ihiln   and  Tt'siillH  uj  Irsfs  on   iloiihh-Hlohi r  holhr. 


I'nwuiro  drop  (Iti 
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Tolul 
dry  colli 
biiriMMl 

lit  luuHphero  tu— 

Kliio-gjw 

CO,  In 

T(VMt 

l.«inp<»ni- 
liirn. 

duo 

nunibor. 

por  hour. 

Kiirimcd. 

nj)lako. 

Pounds. 

•F. 

Per  cent. 

W 

\).M)H 

0.071 

0.  204 

OKS 

ll.MO 

<M> 

0.  ITS 

.  OH-l 

.'2:>i 

(\7r, 

io.«i:{ 
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10,21! 

.  KK) 
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TM) 

ii.2:< 
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.:«(! 

m(\ 
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»:< 
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.112 

.  ■XV2 
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l().7;<2 

.  123 

.  4(K) 

742 

10.40 

97 

1 1 ,  :<S7 

.127 

.  402 

TM) 

10.70 

9(> 

10.  r)02 

.  ir>o 

.  404 

7»C» 

ii.:<o 

04 

12.241 

.IS-l 

.r)02 

814 

n.o:i 

100 

12.001 

.  \m 

.5(»3 

763 

10.40 

lioilcr 
h<»rH<>- 
powcr 
<|f.vc!- 

0)M>(1. 


WO 

u:\v, 

037 
07.') 

1,02.') 
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r 
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04 
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04 

m 

m 

07 
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04 
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VA 
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04 

20 
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18 
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DISCUSSION    OF    RESULTS    OF    TESTS    OX    SINGLE    AND    DOUBLE    STOKER 

boilp:rs. 

RELATION    OF   CAPACITY   AND    EFFICIENCY   TO    KATE    OF   HEAT    LIRKKATION. 

The  upper  curve  of  figure  67  shows  the  relation  between  the  boiler 
horsepower  developed  and  the  (juantity  of  heat  presumably  liberated 
in  the  furnace  per  hour  and  delivered  to  the  boiler.  The  quantity 
is  computed  from  the  weight  of  coal  fired  per  hour  and  the  heat 
value  of  1  pound  of  coal.  The  heat  liberated  is  used  in  preference  to 
the  rate  of  combustion,  because  the  elTect  of  the  difference  in  the 
qualit}"  of  coal  is  thereby  eliminated.  The  hollow  points  in  the  figure 
represent  results  of  tests  with  the  single  stoker,  and  the  solid  points 
represent  results  of  tests  with  the  double  stoker.  The  points  lie 
fairly  close  to  the  straight  line  drawn  through  them,  indicating  that 
the  output  of  the  boiler  increases  in  direct  proportion  to  the  quantity 
of  heat  delivered  to  the  boiler. 

In  the  same  figure  the  lower  group  of  points  is  intended  to  show 
how  the  rate  of  heat  delivery  to  the  boiler  affects  the  efficiency  of 
the  steam-generating  apparatus.  It  should  be  understood  that  the 
phrase  ''boiler  efficiency"  as  it  appears  on  the  chart  means  the  com- 
bined efhciency  of  the  boiler  and  the  furnace.  The  points  repre- 
senting the  single  and  those  representing  the  double  stoker  are  so 
located  that  it  is  difficult  to  draw  a  single  curve  through  them.  As 
the  quantity  of  heat  liberated  increases  the  points  representing  the 
single  stoker  show  a  strong  tendency  to  drop  4  or  5  per  cent  below 
those  representing  the  double  stoker.  One  cause  of  this  drop  is 
undoubtedly  the  fact  that  the  fuel  on  the  original  (front)  stoker 
docs  not  burn  completely  on  account  of  the  small  combustion  space 
above  that  stoker.  By  adding  the  rear  stoker  the  combustion  space  is 
more  than  doubled,  and  much  better  combustion  probably  results. 
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As  seen  in  figure  66,  the  distance  from  the  front  grate  to  the  entrance 
into  the  tubes  is  only  a])out  one-third  the  distance  from  the  rear 
grate  to  the  same  entrance.  It  is  therefore  very  likely  that  the 
gases  from  the  rear  stoker  are  more  completely  burned.  It  is  on 
account  of  this  better  combustion  that,  with  heavy  loads  on  the 
boiler,  the  efHciency  is  higher  when  two  stokers  are  used.  The  point 
to  be  emphasized  is  that  any  fluctuation  in  the  over-all  efficiency  is 
due  more  to  the  variation  of  the  eiliciencv  of  the  furnace  than  to 
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A   8INGLE-ST0KER  BOILER       A    Q0UBLE»3T0KER  BOILER 
Figure  67.— Single  and  double  stoker  boilers  compared  as  to  capacity  and  efficiency  (ordinary  over-all 

efficiency  from  coal  to  steam). 

that  of  the  boiler  as  a  heat  absorber;  the  latter  efficiency  seems  to 
be  practically  constant  and  independent  of  the  rate  of  working. 

Another  cause  of  the  drop  in  efnciency  shown  by  the  tests  with 
the  single  stoker  below  that  shown  by  the  tests  with  the  double 
stoker  is  that  part  of  the  heat  liberated  on  the  rear  stoker  is  absorbed 
by  the  boiler  by  radiation  and  conduction  through  the  tile  roof  so 
that  the  gases  are  not  as  hot  when  they  enter  the  tubes  as  are  the 
products  of  combustion  from  the  front  grate.  Any  heat  which  can 
be  given  to  the  boiler  h^  radiation  or  conduction  is  that  much  clear 
gain. 


APPLICATION    OF   'rilK    LAWS   ol'    IIKAT  'J'llANSMIHSION.  If)! 

To  mak<^  litis  hIjiUmiioiiI,  cNmu-  I(^(  ii  sp<H'ific  <'xjirn()l(i  ho  tukon. 
Su])l)()so  tho  boiler  iiiidci-  ('(Hisidciiil  ion  luis  n  line  IxtiNw  cHiririKy  of 
90  por  ccMil.  'I'his  nicniis  llml  IVoni  IJm'  liiix'  llm  Iiol  j^uscs  cuter 
tho  t-iibos  unlil  (li<\v  loaves  llir  luMitin^  sin  I'ari^  of  (lie  hoilcf  IIk^  lufU^r 
absoihs  by  ('oiiv(M'(ioii  !)()  pei-  (M^nt  of  (Ik^  licat  in  lh<^  ^ascs  tjiat,  is 
availablo  for  absorption.  Tims,  for  inslancc,  if  lln^  j^ascs  enter  th(5 
tnbes  ni  a  tcMnperjit  ni-o  !?,()()()"  V.  abovo  that-  of  t  Ik^  steam  tlie  boil(»r  will 
cool  tho  jijases  by  12, ()()()  X  AH)  -=  1  ,S()()"  F.,  wIkm'oI'ok^  IIk^  f^asoH  will 
loavo  tho  boiler  at  200"  F.  abovo  stoam  tcnipei  nlnic  Or,  if  IJk^  j^ases 
aro  at  1,000°  F.  whon  tlioy  roach  tho  tubes,  tlu^  boiler  will  cool  lliein 
down  to  1,000- (1,000  X. 90)  =  100°  F.  abovo  tho  toinporatnro  of  the 
steam. 

Suppose  now  that  the  gaseous  ])r()(lucts  of  combustion  h^ave  tho 
fuel  beds  of  both  stokers  at  3,000°  F.  abovo  stoam  temj)orature. 
Tho  gases  from  the  front  stoker  enter  the  tubes  immodiati'Jy  and 
give  most  of  their  heat  to  tho  boiler  by  convection.  If  tho  tru(5 
cdiciency  of  tho  boiler  is  90  per  cent,  the  gases  will  leave  the  heating 
surface  at  3,000- (3,000  X  .90)  =300°  F.  above  the  temperature  of 
tho  stoam.  Tho  gases  from  the  rear  stoker  pass  along  the  tile  roof 
and  give  it  part  of  their  heat  by  radiation  and  convection.  Tliis 
heat  is  conducted  through  the  tiles  and  transmitted  to  the  water  in 
the  boiler.  The  result  is  that  when  these  gases  first  come  into 
contact  with  the  boiler  tubes  they  are  considerably  below  3,000°  F. 
Let  it  be  assumed  that  the  temperature  of  these  gases  has  been 
reduced  to  2,500°  F.  above  steam  temperature  when  they  enter  the 
tubes.  If  the  boiler  absorbs  90  per  cent  of  the  heat  in  them,  they 
will  leave  the  heating  surface  at  2,500-  (2,500  X  .90)  =250°  F.  above 
steam  temperature,  or  at  a  temperature  50°  F.  lower  than  the  gases 
from  the  front  stoker;  consequently  the  over-all  efficiency  with  the 
rear  stoker  is  higher. 

A  caution  must  be  inserted  here:  In  the  case  of  the  boilers  under 
discussion  it  is  evident  from  a  consideration  of  the  data  that  even  at 
low  loads  they  were  working  above  the  rates  at  w^liich  the  imparta- 
tion  of  heat  by  natural  diffusion  of  the  hot  particles  of  gas  among  the 
cold  ones  was  an  important  factor,  so  that  the  rate  of  heat  imparta- 
tion  to  the  tubes  kept  up  almost  fully  with  the  increase  in  the  velocity 
of  the  gases  forced  through  the  boiler;  that  is,  the  scrubbing  factor 
was  overpoweringly  important.  Perhaps  the  boiler  was  always 
working  on  the  level  portions  of  the  true-boiler-efficiency  curves. 

Probably  in  most  water-tube  boilers  of  the  cross-flow  type  the 
velocity  of  the  gases  is  greater  than  the  critical  velocity  and  eddying 
is  constant,  so  that  an  engineer  can  usually  count  on  doubling  his 
capacity  by  doubling  his  grate  surface,  at  practically  no  loss  in  over- 
all efficiency  from  coal  to  steam,  provided  he  has  available  sufficient 
total  pressure  drop  (^' draft"). 
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However,  it  is  not  certain  tliut  boilers  of  the  parallel-flow  type  will 
always  retain  their  high  eflTiciencies  if  the  weight  of  gases  forced 
through  them  ])c  doiibled,  for  some  of  them  seem  to  be  working  ordi- 
narily in  that  low-capacity  region  where  the  natural  diirusion  of  the 
hot  particles  of  gas  imparts  a  considerable  j)ortion  of  the  heat,  and 
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MILLIONS   or  B.T.U.  PRESUMABLY    LIBERATED    PER  HOUR 
A    SINGLE-STOKER   BOILER  A     DOUBLE-STOKER  BOILER 

Figure  68.— Data  conceming  Interborough  Rapid  Transit  Co.'s  single  and  double  stoker  boiler  tests. 

where  the  stream  lines  of  flow  are  not  in  violent  mixture,  even  though 
they  may  not  be  parallel. 

The  curve  at  the  top  of  figure  68  shows  that  the  area  of  heating 
surface  required  per  boiler  horsepower  decreases  in  the  same  propor- 
tion as  the  heat  delivered  to  the  boiler  increases;  that  is,  when  the 
heat  delivered  is  doubled  the  amount  of  heating  surface  required  is 
halved.     When  30,000,000  B.  t.  u.  are  dehvered  to  the  boiler,  it  takes 
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10  s(iiiHi(^  r<M'l  of  IImi  licntin;^  surfjicr.  to  |)i(»(liic(^  a  hnilrr  li()i*H<^j;()\vor. 
\VluMi  llu^  <|iuujtily  of  Ileal  is  (I()iiI)I<mI,  or  ijuicuscMl  to  ()(),()()(),()()() 
B.  ( .  II.,  tli(^  houtiii*^  siiil'act^  nHjiiixMl  \)v\'  Ik  )i"s<^|)()W*^r  is  r<'<iu(<Ml  to  r> 
S(|(iJir<i  fiH't.  Tliis  reflation,  ol'  course,  naturally  follows  fi-oni  lliat 
shown  by  tho  iij>|mm"  ('iirv<^  of  tln^  last  ii<^ur<i.  TIk)  j)oiiit  to  b«  omplia- 
si/od  luM'O  is  that  tli(^  area  of  JitMit'm;^  siirfa,c(^  r(Hjuir<'(I  jxt  hoil(;r  lioi-s<?- 
power  can  ho  reduced  to  any  reasouiihh^  Ii;;ur<^  hy  passiii*^  inoni  hot 
^as  throuj^h  the  holier.  At  tho  ri<^ht  tho  (Uirve  is  asyni])totic,  not  to 
the  zero  liiu^  of  s(|UiU(^  feet  i)er  hoiler  lioiHe|)owei',  hut  to  sonui  lino 
ahovo  it,  bocauso  tho  conductivity  of  tho  metal  of  tho  tub<^s  is  a  finite 
quantity  and  not  an  iniinito  ono. 

Tho  niiddlo  curvo  of  iii^uro  OS  uulicates  that  tho  toniporaturo  of  tho 
waste  <::a*ses  huToases  somewhat  with  tho  ((uantity  of  JHMit  delivenul 
to  tho  hoilor.  This  is  perhaps  duo  j)artly  to  h^ss  com])leto  absorj)tion 
of  hoat.  It  is  shown  by  tho  lowor  curvo  of  Hguro  G7  that  tho  'Mjoih^ 
eincioncy"  is  hi^jjhor  for  low  rates  of  workin<^;  that  is,  the  boiler 
absorbs  shghtly  more  heat  from  tho  gasos  at  low  than  at  high  rates  of 
working,  because  the  dry  surface  is  at  somewhat  lower  temperatures 
at  the  lowor  capacities. 

The  data  for  the  curves  constituting  the  lower  portion  of  figure  C8 
are,  perhaps,  not  wholly  correct.  Since  the  quantity  of  heat  liberated 
is  proportional  to  the  weight  of  air  passhig  through  the  fuel  bed,  it 
would  seem  that  the  curves  passing  through  the  pressure-drop 
C' draft")  points  should  be  parabolas  passing  through  zero  and  sym- 
metrical ^vitli  respect  to  the  zero  vertical  line.  The  authors  have 
no  information  as  to  how  these  pressure  drops  were  measured  nor  as 
to  what  extent  the  readings  are  reliable.  Hence  it  is  questionable 
whether  the  pressure  drops  of  the  single-stoker  tests  can  be  fairly 
compared  with  those  of  the  double-stoker  tests.  Inasmuch  as  the 
points  in  each  group  are  consistent  among  themselves  a  few  remarks 
are  ventured.  As  the  curves  are,  they  assert  that  in  the  case  of  the 
single  stoker  a  greater  total  pressure  drop  is  required  to  push  through 
a  smaller  weight  of  gas  than  in  the  case  of  the  double  stoker.  This 
may  be  true  to  some  extent,  provided  the  pressure  drop  through  the 
fuel  bed  alone  is  a  considerable  part  of  the  total  pressure  drop.  It  is 
to  be  regretted  that  in  the  other  tests,  ^^dth  the  single  stoker,  the 
pressures  over  the  fuel  bed  were  not  obtained.  Such  data  would 
have  given  these  speculations  much  firmer  footing. 

Suppose,  at  the  rate  of  heat  hberation  of  25,000,000  B.  t.  u.,  the 
fuel  bed  be  carried  fairly  thick  so  that  the  resistance  to  the  air  pass- 
ing through  it  is  high,  consequently  making  the  pressure  drop  high. 
Assume  that  the  pressure  drop  in  that  case  is  0.2  inch  of  water  or 
two-tliirds  of  the  total  drop.  Suppose  the  demand  for  steam  be 
increased  so  that  the  fireman  has  to  hberate  35,000,000  B.  t.  u.  per 
hour.     In  the  attempt  to  increase  the  rate  of  heat  liberation  the  fire- 
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man  feeds  in  coal  faster  and  unconsciously  increases  the  fuel  bed 
thickness  by  50  per  cent,  thereby  increasing  the  resistance  to  gas 
flow  by  50  per  cent.  He  then  has  to  push  140  per  cent  more  gas 
against  150  per  cent  of  the  former  resistance.  To  pass  the  same 
weight  of  gas  through  twice  the  thickness  of  fuel  bed  requires  about 
twice  the  pressure  drop;^  also,  the  pressure  drop  increases  in  pro- 
portion to  the  square  of  the  weight  of  gases  passing  through.  Tliere 
is,  then,  a  pressure  drop  through  the  fuel  bed  in  the  first  case  of  0.2 
inch  of  water  and  a  pressure  drop  in  the  second  case,  with  the  increased 
output,  of 

0.2X1.5  (thickness  of  fuel 
bed)  X  1.42  (weight  of 
gas)  =0.58  inch  of  water. 


-10  volts- 


-4  oTims- 


H 

-4^ 2  oTims H 


CASE  1 


B 


10  volts- 


CASE  2 


CASE  3 
Figure  69.— Analogy  cf  the  flow  of  electricity  through  cer- 
tain resistances  to  the  flow  of  gas  through  fuel  beds  and 
boilers. 


This  pressure  drop 
through  the  fuel  bed  could 
easily  bring  the  total  pres- 
sure drop  to  0.7  inch  of 
water  as  indicated  by  the 
curve. 

By  adding  the  rear  stoker, 
the  rate  of  feeding  the  front 
one  would  not  have  to  be 
changed,  so  that  there 
would  be  no  likelihood  of 
thickening  the  fuel  bed,  and 
still  the  rate  of  heat  libera- 
tion would  increase  about  80  per  cent ;  or  the  rate  would  rise  from 
25,000,000  B.  t.  u.  to  45,000,000  B.  t.  u.  per  hour.  All  of  tnis  increase 
would  be  attained  with  the  same  pressure  drop  through  the  fuel 
beds — 0.2  inch  of  water.  Of  course,  the  pressure  drop  through  the 
boiler  proper  would  have  to  be  increased  proportionately,  but  the 
total  pressure  drop  might  be  somewhat  less  in  the  two-stoker  outfit 
liberating  45,000,000  B.  t.  u.  than  in  the  suigle  outfit  freemg  25,000,000 
B.  t.  u.  per  hour.  Addition  of  grate  area  can  be  always  looked  upon 
as  reduction  of  resistance  to  the  flow  of  gas,  and  will  usually  result 
in  a  proportionate  increase  of  capacity  with  any  given  constant 
pressure  drop  from  ash  pit  to  furnace.  The  relation  between  the 
pressure  drop  and  the  output  of  the  steam-generating  apparatus  with 
single  and  double  stokers  can  be  illustrated  by  a  similar  electrical 
problem. 

Referring  to  figure  69,  let  conductor  CB   (resistance    2    ohms), 
represent  the  boiler  proper,  and  the  conductor  BA  (resistance  4  ohms). 


a  Bull.  21,  Bureau  of  Mines,  p.  30. 
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n>proson(-  tlio  liiol  bod.     If  tlio  total  drop  of  potential  in  10  volts  tli« 
cun<'ii(  llowiii^  throu<^li  IIk^  two  coiiductois  is: 

10       ,  ,.., 

2-f  4 

Suj)poso  another  coiidiiclor  Ix^  addeil  j)nrull('l  to  liA  and  having 
tlio  same  resistance  as  tlu^  hittei*.  M'lu^  resistances  from  1^  to  A  is  then 
reihiced  to  2  ohms,  or  to  one-haU'  of  a\  hut  it  was  before,  hi  this  case 
the  current  ilowing  from  A  to  C  is: 

7— -^  =  2.5  amperes. 

Suppose  that  in  a  third  case  the  potential  drop  from  A  to  C  is 
S  volts.     This  will  make  the  current  flowing  from  A  to  C  equal  to: 

^-p^  =  2  amperes. 

Although  in  the  last  case  the  total  potential  drop  is  smaller  than 
in  the  first  case,  more  current  flows  through  the  system  because  of 
the  additional  conductor  from  A  to  B. 

In  the  above  problem  the  electrical  resistance  of  conductor  CB  is 
analogous  to  the  resistance  of  a  boiler,  and  the  potential  drop  and 
the  current  may  be  likened  to  pressure  drop  and  rate  of  flow  of  gases, 
respectively.  As  m  the  above  electrical  problem,  the  electrical  cur- 
rent flowmg  through  the  system  can  be  increased  by  adding  a  second 
conductor  to  AB ;  in  similar  manner  the  flow  of  gas  through  a  furnace 
and  a  boiler  can  be  increased  by  adding  a  second  grate.  The  condi- 
tions may  be  such  that  more  gas  flows  through  the  two-stoker  appara- 
tus with  less  total  drop  than  flows  through  the  single-stoker  outfit 
with  more  drop. 

In  April,  1911,  one  of  the  authors  visited  the  plant  where  tliis 
double-stoker  equipment  is  used  and  saw  16  boilers  wdth  two  stokers 
apiece.  Some  of  these  double-stoker  boilers  had  been  in  daily  use 
over  two  years  and  had  given  entire  satisfaction.  There  had  been 
no  trouble  from  bhstering  of  the  tubes. 

INCREASING  THE  EFFICIENCY  OF  A  BOILER  BY  LENGTHENING  ITS  GAS 
PASSAGES.      WORK   OF   W.  L.  ABBOTT   AND   A.  BEMENT. 

Early  in  1903  W.  L.  Abbott  and  A.  Bement,  of  the  Commonwealth- 
Edison  Co.,  of  Chicago,  made  some  comparative  tests  on  a  Heine 
boiler,  which  they  baJBBled  in  such  a  way  that  the  gases  passed  three 
times  among  the  tubes  of  the  boiler  instead  of  once,  as  they  do  in  the 
case  of  a  boiler  w4th  the  standard  Heine  baffling  (fig.  70).  Figures 
71  and  72  illustrate  a  Heine  boiler  after  the  improvement.    The  triple 
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gas  passage  was  obtained  by  inserting  two  horizontal  baffles;  the 
first  was  laid  above  the  eighth  row  of  tubes  and  the  second  above  the 
fourteenth;  the  total  height  of  the  boiler  was  17  horizontal  rows. 

The  results  of  the  tests  showed  that  with  the  addition  of  these 
baffles   the   ordinary   boiler   efficiency   increased   from  about  57  to 


FiGTJEE  70.— Heine  boiler  as  first  installed  in  the  plant  of  the  Commonwealth-Edison  Co.  of  Chicago.    The 

arrows  indicate  the  path  traveled  by  the  gases. 

about  67  per  cent.  With  approximately  the  same  total  pressure 
drop  (''draft")  from  atmosphere  to  breeching,  the  capacity  of  the 
rebaffled  boiler  was  somewhat  higher  than  that  of  the  standard  one. 
Table  18  gives  an  abstract  of  the  data  and  results  of  these  tests. 

Table  1 7  gives  the  principal  dimensions  of  the  boiler  used  in  these 
tests. 
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Figure  71. — Tripl©-pass  Heine  boiler  as  baffled  by  W.  L.  Abbott  and  A.  Bement.    Side  view.    The  arrows 

indicate  the  path  traveled  by  the  gases. 
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FittJBE  72.— Triple-pass  Heine  boiler  as  baffled  by  W.  L.  Abbott  and  A.  Bement.    End  view 
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Table  17. — Principal  dimensions  of  boiler  used  in  tests  of  a  single  and  of  a  triple  pass 

Heine  boiler. 


Triple 
pass. 


Number  of  tubes  high 

Number  of  tubes  wide 

Outside  diameter  of  tubes inches.. 

Length  of  tubes feet . . 

Total  water- heating  surface,  tubes,  and  drums square  feet.. 

Normal  boiler  horsepower,  standard  rating 

Approximate  length  of  travel  of  gases  among  tubes feet. . 

Area  of  B.  &  W.  chain-grate  stoker square  feet. . 


Table  18. — Abstracts  of  data  and  results  of  boiler  tests  made  on  a  standard  and  on  a 

triple-pass  Heine  boiler. 

SINGLE-PASS  (STANDARD  BAFFLING)  BOILERS. 


Dry  coal 

burned 

per  hour 

(pounds). 

Pressure 

drop 
("draft") 
from  atmos- 
phere to 
furnace 
(inches  of 
water). 

Temperature  (°F.)  of— - 

Per  cent 

OfC02 

in  flue 
gases. 

Boiler 
horse- 
power 
devel- 
oped. 

Total 
equiva- 
lent evap- 
oration 
per  hour. 

Test 
No. 

.  Steam. 

Furnace. 

Flue  gas. 

Ordinary 
"  boiler 

effi- 
ciency." 

1 

1,757 

0.38 

377 

594 

7.0 

382.9 

13,219 

54.64 

TRIPLE-PASS  BOILERS. 


2,051 


0.22 


37: 


442 


395.0 


13,629 


68.14 


In  the  fall  of  1906  the  same  experimenters  made  a  series  of  tests 
with  a  similar  boiler  baffled  as  shown  in  figures  73  and  74. 

Table  19.- — Principal  dimensions  of  a  single  andofa  double  pass  Heine  boiler  usedin  tests. 


Single 

Double 

pass. 

pass. 

17 

17 

19 

19 

3.5 

3.5 

15.8 

15.8 

4,800 

4,800 

480 

4S0 

13.3 

24.5 

72.2 

72.2 

Number  of  tubes  high 

Number  of  tubes  wide 

Outside  diameter  of  tubes inches. . 

Length  of  tubes feet . . 

Total  water-heating  surface,  tubes,  and  drums  a square  feet. . 

Normal  boiler  horsepower,  standard  rating 

Approximate  length  of  travel  of  gases  among  tubes feet. . 

Area  of  B.  &  W.  chain-grate  stoker square  feet. . 


a  For  the  double-pass  boiler  all  the  drum  surface  is  included  as  fully  as  for  the  single  and  the  triple  pass 
boiler,  although  it  was  scrubbed  by  only  a  small  part  of  the  gases,  this  part  being  adinitted  through  a  2-inch 
opening  roimd  the  front  end  of  the  top  baflfie,  next  the  front  water  leg. 

A  single  horizontal  baffle  was  inserted  between  the  tenth  and 
eleventh  horizontal  rows  of  tubes,  causing  the  gases  to  pass  twice 
through  the  tube  space  before  entering  the  breeching,  thus  coming 
into  contact  only  with  the  rear  portion  of  the  steam  drums;  the 
remainder  of  about  four-fifths  of  the  heating  plate  of  the  steam 
drums  was  left  nearly  ineffective. 


I 
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Figure  73.—  Double-pass  Heine  boiler  baffled  by  W.  L.  Abbott  and  A.  Bement.    Side  view.    The  arrows 

indicate  the  path  traveled  by  the  gases. 
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Figure  74.— Standard  short-length  Heine  boiler  baffled  by  W.  L.  Abbott  and  A.  Bement.    End  view. 
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The  principal  dimensions  of  the  boiler  used  in  these  tests  are  given 
in  Table  19. 

The  results  of  the  tests  showed  that  the  addition  of  this  baffle 
increased  the  ordinary  boiler  efficiency  from  57  per  cent  to  about  62 
per  cent.  With  the  same  total  pressure  drop  (''draft")  the  capacity 
obtained  with  the  rebaffled  boiler  w  as  about  5  per  cent  higher  than 
that  obtained  with  the  standard  boiler. 

Table  20  gives  abstracts  of  data  and  results  of  these  comparative 
tests. 


Table  20.— Abstracts  of  data  and  results  of  boiler  tests  made  on  a  standard  and  on  a 

double-pass  Heine  boiler. 

SINGLE-PASS  (STANDARD)  BOILER. 


Dry  coal 

burned 

per  hour 

(pounds). 

Pressure 

drop 
(''draft") 
from  atmos- 
phere to  fur- 
nace (inch 
water). 

Temperature  ("F.)  of— 

Per  cent 
ofC02in 
flue  gases. 

Boiler 
horse- 
power de- 
veloped. 

Total 
equiva- 
lent evap- 
oration 
per  hour. 

Ordinary 
"boiler 

efh- 
cieney." 

Test 
No. 

steam. 

Furnace. 

Flue  gas. 

2 
3 
6 

2,775.7 
2,984.5 
2,920.5 
2,816.8 

0.40 
.40 
.42 
.40 

379 
379 
379 
379 

2.582 
2,648 

621.7 
651.1 
634.4 
653.0 

7.25 
7.63 

494.6 
550.9 
567.6 
524.0 

17,065.4 
19,007.3 
19,585.1 
18,078.4 

52.88 
53.78 
57.68 

7 

56.05 

DOUBLE-PASS  BOILER. 


2,572.5 
2,739.9 
2,715.1 
2, 716.  7 

0.37 
.40 
.41 
.39 

379 
379 
379 
379 

2,550 
2,616 

550.0 
537.8 
603.0 
611.5 

9.62 
10.22 

512.6 
568.3 
567.6 
575.5 

17,685.7 
19.606.5 
19;  585. 1 
19,855.8 

57.43 
59.18 
61.63 
62.91 


The  fact  that  Messrs.  Abbott  and  Bement  left,  adjacent  to  the 
front  water  leg,  a  2-inch  opening  the  full  width  of  the  boiler  to  allow 
part  of  the  gases  to  go  around  the  drum,  affords  an  opportunity  for 
some  remarks  on  ''hydraulic  mean  depth"  and  the  equivalent  of  the 
hydraulic  engineer's  "wetted  perimeter."  These  experimenters  are 
not  to  be  blamed  for  having  left  this  opening,  inasmuch  as  the 
fundamental  principles  of  heat  absorption  were  then  little  understood. 

From  previous  demonstrations  in  this  bulletin,  it  will  be  reahzed 
that  if  the  upper  pass  (among  the  tubes)  in  the  two-pass  boiler  had 
not  been  relieved  of  part  of  its  gas,  it  would  nevertheless  have 
absorbed  almost  as  large  a  percentage  of  the  available  heat  as  it  did. 

The  "hydraulic  mean  depths,"  or  the  average  mean  distances  of 
the  particles  of  gas  from  the  inclosing  surfaces,  are  far  less  among 
the  tubes  than  in  the  passage  alongside  the  drum;  moreover,  all  the 
surface  rubbed  by  the  gas  among  the  tubes  is  heating  surface ;  on  the 
other  hand,  most  of  the  surface  rubbed  by  the  gas  alongside  the  drum 
is  brick  w^all  and  soot-covered  floor,  and  not  heating  surface.  There- 
fore, much  less  heat  was  absorbed  from  the  gases  passing  under  the 
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ilriini  than  would  \\n\v  hccii  uhsorhcd   if  llu-y   Imd   jjassni   willi   the 
bulk  of  tho  pisos  tlirou^li  I  lie  upjxT  puss  iimoii;(  IIm^  lulx's. 

By  iiiscrtin<^  lulditionul  hulilrs  i[i  llu^  (ulx^  space,  mid  icdufiu;^  llio 
cross  section  of  llio  ^as  passa^c^  the  "hydraulic  mean  depth"  was 
not  changed,  and  tlu^  avci'apje  distanc(\s  of  I  he  ^as  j)articics  from 
the  healing  surf accM'cniaincd  (iK^sanu^.  i^Or  the  .sanKi  reason,  if,  Ifi 
the  cross-flow  ty])e  of  boiler,  the  l]ir(»e-pass  How  is  changed  by  llie 
addition  of  vertical  balll(»s  inlo  a  (ivn^  pass,  the  "hydraidic  mean 
depth"  is  not  clianjj^ed.  Any  increase  in  the  ediciency  in  that  case 
is  solely  due  to  (lie  increased  lenj^th  of  the  gas  path. 

DISCUSSION  OF  KKSULTS   OF   TESTS   ON  A  HEINP:    BOILEK  WI  ril    SI.NCil.K, 
DOUBLE,  AND   TRIPLE    (JAS    PASSAGES. 

The  addition  of  one  or  two  horizontal  bafllcs  rearranges  tlie  heating 
surface  of  the  tubes.  In  the  standard  boiler  the  whole  heating  sui- 
face  of  the  tubes  is  arranged  in  parallel  with  respect  to  the  gas  travel. 
When  one  horizontal  baffle  is  inserted,  about  two-fifths  of  the  total 
heating  surface  of  the  tubes  is  placed  in  series  with  the  remaining 
three-fifths  and  the  length  of  the  gas  passage  is  nearly  doubled.  By 
the  insertion  of  two  horizontal  baffles  the  heating  surface  of  the 
tubes  is  separated  into  three  unequal  parts  which  are  arranged  in 
series  with  one  another  in  the  path  of  the  gas  stream.  This  latter 
modification  nearly  triples  the  length  of  the  gas  path  of  the  standard 
bafiiing.  In  the  double  and  triple  pass  boilers  the  section  of  the 
tubes  forming  the  chamber  that  the  gases  enter  first  is  made  con- 
siderably larger  than  the  succeeding  section  or  sections  because  the 
gases  when  entering  this  first  section  are  much  hotter  and  therefore 
occupy  much  larger  volumes  than  w^hen  passing  through  the  follow- 
ing sections. 

With  nearly  the  same  total  pressure  drop  (^^ draft")  the  velocity 
of  gas  through  the  rebaffled  boilers  is  somewhat  higher  than  through 
the  standard  boiler.  This  conclusion  is  deduced  from  the  fact  that 
with  all  three  types  of  baffling  the  rate  of  combustion  of  the  coal 
and  the  quantity  of  air  used  were  nearly  the  same,  resulting  in 
nearly  the  same  rate  of  gas  generation.  Since  the  cross  sections  of 
the  gas  passages  in  the  rebaffled  boiler  are  smaller,  the  gases  must 
flow"  faster  than  they  do  through  the  larger  passages  of  the  standard 
boiler.  If  accurate  measurements  of  the  gas  pressure  among  the 
boiler  tubes  had  been  taken,  undoubtedly  it  w^ould  have  been  found 
that  the  pressure  drops  through  the  double  and  triple  pass  boiler 
were  appreciably  higher  than  through  the  standard  boiler,  otherwise 
the  velocities  could  not  have  been  greater.  Unfortunately  only  the 
pressure  drops  through  the  fuel  beds  were  recorded  during  the  tests. 

The  higher  efficiency  obtained  with  the  rebaffled  boilers  is  due 
to  the  increased  length  of  the  gas  passages.     The  longer  the  path  of 
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the  hot  gas  the  more  contacts  each  particle  of  the  gas  makes  with  the 
surfaces  of  the  tubes,  and  the  lower  the  temperature  of  the  gas  when 
it  finally  leaves  the  boiler.  A  lower  temperature  of  the  leaving  gases 
means  that  the  heating  surfaces  absorb  more  heat,  so  that  the  effi- 
ciency of  the  boiler  as  a  heat  absorber  is  increased. 

The  increase  in  boiler  efficiency  due  to  the  addition  of  baffles  is 
similar  to  the  increase  of  efficiency  of  boiler  Xo.  3  over  that  of  boiler 
No.  1  in  the  series  of  laboratory  boiler  tests  discussed  in  a  previous 
portion  (pp.  26  to  80)  of  this  bulletin.  Boiler  No.  3  can  be  considered 
as  boiler  No.  1  with  gas  passages  made  twice  as  long.  In  fact,  boiler 
No.  1  could  be  made  to  have  the  same  efficiency  as  No.  3  by  erecting 
baffles  in  such  a  way  that  the  hot  gas  would  pass  first  through  six 
of  the  flues  in  one  direction  and  then  return  through  the  remaining 
four. 

The  approximate  averages  of  the  initial  and  final  temperatures  of 
the  Abbott-Bement  tests  on  the  single,  double,  and  triple  pass  bofiers 
are  platted  as  ordinates  on  the  lengths  of  the  gas  passage  as  abscissae 
and  are  given  in  the  lower  curve  of  figure  75.  The  initial  temperature 
was  measured  on  only  some  of  the  tests;  however,  judging  from  the 
CO2  contents  in  the  flue  gases  the  assumed  initial  temperatures  are 
perhaps  very  close  to  the  actual  temperatures  of  each  test.  The 
flue-gas  temperatures  as  measured  by  the  flue  thermometers  are  all 
too  low  because  no  attempt  was  made  to  screen  the  thermometer 
bulbs  from  radiating  heat  to  the  cold  surfaces  of  the  boiler  and 
breeching.  Still,  as  the  flue  thermometers  in  all  the  tests  were 
inserted  at  similar  places  in  the  boiler  setting,  the  temperatures  indi- 
cated are  comparative. 

The  temperature  curve  of  figure  75  is  similar  to  the  curves  of 
figure  16,  the  similarity  being  particularly  shown  in  the  lowest  curve. 
Comparison  of  the  curves  of  the  two  figures  at  once  suggests  the 
likelihood  that  the  flue  temperatures  as  given  in  figure  75  are  too  low 
and  that  the  apparent  drop  of  temperature  through  the  one-pass 
boiler  or  through  the  first  pass  of  the  other  boiler  is  too  steep. 

The  curve  of  flue  temperature  beyond  the  point  for  the  single-pass 
boiler  approaches  a  straight  line  and  becomes  nearly  horizontal. 
On  the  assumption  that  the  flue  temperatures  are  at  least  relatively 
correct,  the  curve  indicates  that  it  would  hardly  pay  to  lengthen  the 
path  of  the  gases  more  than  by  the  double  or  triple  pass;  any  further 
increase  of  the  gas  passage  would  reduce  the  flue-gas  temperature  ver}^ 
little.  The  upper  curves  of  figure  75  show  the  increase  in  ordinary 
^^ boiler  efficiency"  when  the  boiler  is  baffled  to  form  a  double  or  triple 
gas  passage.  Two  curves  have  been  dra^^n  because  on  the  two  sets 
of  tests  with  the  single  and  double  pass  boilers  the  efficiencies  obtained 
differed  somewhat,  as  shown  in  Table  18 .  This  difference  in  efficiency 
in  the  two  sets  of  tests  was  probably  due   to   varying   quality   of 
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Figure  75. — Effect  of  change  of  length  of  gas  travel  on  efficiency  and  flue  temperature  in  a  parallel-flow 

water-tube  Heine  boiler.    Abbott-Benient  tests. 

perhaps  at  about  80  or  85  per  cent,  for  the  reason  that  the  heat  in 
gases  below  steam  temperature  can  never  be  absorbed  by  the  boiler. 
The  gain  m  efficiency  of  the  triple-pass  boiler  over  the  double-pass 
is  not  as  large  as  the  gain  of  the  double-pass  over  the  single-pass,  and 
the  gain  would  grow  smaller  for  each  succeeding  increase  in  length  of 
gas  passage  through  bafflmg.  One  must  admit  this  fact  if  he  con- 
siders that  it  would  take  an  infinitely  long  passage  to  obtain  the 
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limiting  efficiency  of  80  or  85  per  cent.  Therefore  in  increasing  the 
length  of  the  gas  passage  to  obtain  liigher  efFiciencies,  a  limit  is 
reached  beyond  which  it  would  not  pay  to  work  the  boiler.  There 
are  perhaps  few  boilers  in  use  at  present  whicli  work  so  near  this 
limit  that  they  could  not  be  improved  by  lengthening  the  gas  travel. 
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WORK   OF    THE    UNITED    STATES    GEOLOGICAL    SURVEY. 

In  the  Norfolk,  Va.,  plant  of  the  Geological  Survey  one  of  the  two 
210-liorsepower  Heine  boilers  had  been  rebaffled  according  to  the 
Abbott-Bement  method,  so  as  to  cause  the  gases  to  pass  through  the 
tubes  twice  instead  of  once.  The  result  was  that  about  8  per  cent 
more  heat  was  absorbed,  wdth  no  reduction  in  capacity  when  the 
same  total  pressure  drop  (^^ draft")  was  used.  When  the  pressure 
drop  was  raised  and  the  boiler  was  made  to  produce  about  twice  its 
rated  amount  of  steam  it  still  retained  nearly  all  of  the  increased 
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eiWrwnrv.  Ilcrc^  is  nil  iiislimcc  ol' i^icat  ly  incicjisiii;^  ihc  onlpiil.  al  ii 
Hli<j:lit  cost,  niid  at  tlu^  sanu^  timo  iii('masiii<^  i\w  (evaporation  per  potjiul 
of  coal. 

Fiiriirc^  70  shows  thc^  iclalinii  (.f  (Ik^  conihiisj  ioii-rlianihcr  aii<l  fli<^ 
fluo-jjjas  toin|)onituF(es  for  tJjo  tosts  made  at  \\\r  ,laiii(esto\vn  Kx|)osilioa 
plant. 

Tho  npp(M'  cni'vo  <^iv(»s  this  ichilion  foi"  (lie  slanihird  oi'  sin;^lf'-pass 
boihM-,  and  the  lower  curve  lor  the  rehailhMl  or  donl)le-|)ass  boiler. 
As  shown  by  tho  curves,  the  d()ul)le-pass  boiler  cools  the  gases  con- 
siderably more  than  the  sin<^le-pass  one. 

APPLICATION  OF  SURFACE  COMBUSTION  TO  STEAM  BOILERS. 

If  a  stream  of  a  mixture  of  cond)us(ible  <i;as  and  air  is  directed 
against  tho  surface  of  a  lieated  body,  the  mixture  burns  raj)idly  with 
little  or  no  flame.  The  C()nd)usti()n  takes  ])lace  at  the  smfacc  of  tho. 
body,  or  within  a  short  distance  of  it,  and  is  therefore  termed  '^ surface 
combustion."     Although  the  combustion  is  quicker  if  the  body  is  of 
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Figure  77.— Cross  section  through  tube  of  experimental  boiler. 

some  refractory  material,  any  noncombustible  substance,  such  as  a 
metal,  produces  this  phenomenon. 

bone's  experiments. 

Prof.  W.  A.  Bone,  of  the  University  of  Leeds,  England,  within  the 
last  two  or  three  years  has  done  considerable  experimental  work  \\dth 
surface  combustion.  One  of  the  most  interesting  features  of  his  work 
is  his  application  of  surface  combustion  to  steam  boilers.  Professor 
Bone  used  a  specially  constructed  fire-tube  boiler  having  10  tubes, 
each  3  inches  in  internal  diameter  and  about  3  feet  long.  In  the 
front  ends  of  the  tubes  were  fire-clay  bushings  IJ  inches  in  internal 
diameter  and  about  4  inches  long.  The  remainder  of  the  length  of 
the  tubes  was  completely  filled  with  finely  broken  refractory  materials. 

Figure  77  shows  a  cross  section  of  one  of  the  tubes.  In  starting 
this  boiler,  gas  and  air  are  brought  into  the  fire-clay  busliing  sepa- 
rately to  avoid  back-firing.  After  the  broken  refractory  material 
has  been  brought  to  a  red  heat,  the  gas  and  air  are  admitted  as  a 
mixture  with  little  excess  of  air,  and  combustion  goes  on  indefinitely. 
Tlie  broken  refractory  material  in  the  front  part  of  the  tubes  becomes 
incandescent,  but  toward  the  rear  it  remains  dark  and  compara- 
tively cool. 
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With  this  apparatus,  Bone  obtained  an  evaporation  of  over  20 
pounds  of  water  per  average  square  foot  of  the  tube  surface  per 
hour.  However,  tlie  front  foot  of  the  length  of  the  tubes  caused 
about  60  per  cent  of  the  total  evaporation,  whereas  the  last  foot  of 
the  length  of  the  tubes  caused  only  about  10  per  cent." 

The  significant  feature  of  this  experiment  is  that  the  convection 
of  heat  is  largely,  although  not  entirely,  replaced  by  radiation  and 
conduction.  Instead  of  the  heat  being  developed  in  the  furnace  and 
carried  by  the  gases  several  feet  to  the  heating  plates  of  the  boiler, 
it  is  developed  on  the  surfaces  of  the  broken  refractory  material 
within  a  fraction  of  an  inch  from  the  metal  surface  of  the  tubes. 
The  small  portion  of  the  heat  contained  in  the  gaseous  products  of 
combustion  is  taken  up  rapidly  by  the  refractory  material  as  the 
gases  pass  through  in  very  fine  streams.  The  individual  particles 
of  the  refractory  material  are  in  contact  with  each  other  or  with  the 
metal  of  the  tubes  so  that  the  heat  travels  mostly  by  conduction 
from  the  central  portions  of  the  tubes  to  the  metal  surface.  Any 
small  interstices  are  readily  crossed  by  radiation.  The  rate  of  con- 
vection of  heat  from  the  moving  gaseous  products  to  the  surfaces  of 
the  refractory  material  is  brought  to  the  topmost  limit  by  bringing 
the  particles  of  gas  very  close  to  the  surfaces.  On  account  of  the 
refractory  material  being  finely  crushed  and  the  particles  lying  close 
together,  the  interstices  are  very  small,  so  that  the  average  distance 
of  the  gas  particles  or  molecules  is  a  very  small  fraction  of  an  inch. 
Added  to  this  is  the  irregularity  of  the  interstices,  which  causes  con- 
siderable eddying  in  the  small  streams  of  gases.  Consequently  the 
gaseous  particles  make  contact  with  the  surfaces  rapidly,  causing  a 
rapid  rate  of  heat  impartation.  The  interstices  between  the  parti- 
cles of  refractory  material  are  equivalent  to  tubes  of  very  small 
internal  diameter  and  have  the  advantage  that  the  very  small  pas- 
sages can  be  obtained  cheaply  as  compared  with  making  boilers  with 
very  small  tubes. 

It  has  been  pointed  out  several  times  in  this  bulletin  that  by  far 
the  slowest  of  the  processes  involved  in  the  transfer  of  heat  from  the 
burning  fuel  to  the  boiler  water  is  that  from  the  gaseous  products  of 
combustion  to  the  dry  surface  of  the  boiler  heating  plates.  The 
occasion  for  this  process  Professor  Bone  almost  entirely  avoids.  His 
"filling  the  boiler  tubes  with  solid  heat-conducting  and  heat-radiating 
material  is  practically  equivalent  to  extending  the  dry  surface  of  the 
heatmg  plates,  as  defined  in  this  bulletin,  to  the  center  of  the  tubes. 
The  path  of  heat  travel  is  shown  diagrammatically  in  figure  78.  In 
the  diagram  A  and  B  represent  the  average  point  of  location  of  the 
heat,  which  in  reality  is  a  cylinder  of  average  distances  of  all  the 

a  For  a  somewhat  more  detailed  account  of  these  tests  see  "Power,"  November  21,  1911,  p.  767, 
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points  in  (lic^  circles  of  nil  cross  s(M*tions  lliroii^li  Ji  lnl>c.  l^'i^iiro  78 
is  somowliat  similnr  (o  fi^^iircs  I  mid.  HI.  In  (i^uni  7S  the  radiation 
is  shown  by  a  disconliiuious  liix'  to  indic»il(i  lliat  tlic^  radiation  Is  in 
most  ])art  from  one  parlich^  of  refractory  nnilcrial  to  another.  It  is 
diflicnlt  to  construct  n.  dia<^rani  that,  will  exactly  represent  tlu^  real 
condition;  how(^ver,   fi;^nr<»   7S   nniy  help   in   si  iid\  in^*',   or  suf^^ost  a 


DRY  surface:  dry  surface 


Figure  78. — Cross  soction  of  tube  of  experimental  boiler,  showing  path  of  heat  travel. 

method  of  studying,  the  process  of  heat  transmission  in  the  boiler 
tubes. 

The  results  of  Bone's  experiment  demonstrate  the  statement  made 
several  times  previously  that  the  heating  plates  of  a  boiler  will 
transmit  all  the  heat  that  can  be  delivered  to  them. 

It  is  difficult  at  this  time  to  estimate  the  effect  of  Bone's  results  on 
the  future  design  of  apparatus.  Surface  combustion  can  not  be 
applied  to  solid  nor  perhaps  to  liquid  fuels.  It  is  not  impossible  that 
in  future  gas  producers  of  high  capacity  will  be  designed  that  will 
efficiently  gasify  solid  and  liquid  fuels,  which  can  then  be  used  in 
steam-generating  apparatus  designed  to  take  advantage  of  the  benefits 
derived  from  the  principles  of  surface  combustion. 


APPENDIX. 

APPLICATION    OF    THE    VELOCITY    FACTOR    TO    PROC- 
ESSES OTHER  THAN  STEAM  GENERATION. 

During  the  prosecution  of  the  experiments  and  the  development  of 
the  theoretical  treatment  of  the  theme  of  this  bulletin,  the  writers, 
called  the  attention  of  Dr.  C.  S.  Hudson,  a  physical  chemist  then  in 
the  employ  of  the  fuel-testing  plant.  He  became  much  interested  and 
offered  many  valuable  criticisms  and  suggestions.  For  the  mathe- 
matical calculation  at  the  end  of  this  chapter  credit  is  due  to  him. 

The  feature  specially  deserving  comment  is  the  probable  general 
bearing  of  the  '^ scrubbing"  or  mixing  factor  pointed  out  by  Prof.  John 
Perry  on  the  velocity  of  all  heterogeneous  chemical  reactions.  Many 
investigators  have  done  work  in  this  direction,  but  the  authors  believe 
that  none  of  them  grasped  the  subject  with  the  same  mathematical 
firmness  as  Prof.  Perry,  who  worked  out  from  the  kinetic  theory  of 
gases  the  postulation  that  the  quantity  of  heat  imparted  by  a  hot  gas 
to  a  (clean)  metallic  surface  in  a  second  is  directly  proportional  to  the 
product  of  the  three  first  factors  stated  below: 

(1)  The  temperature  difference  between  the  gas  and  metal. 

(2)  The  density  of  the  gas,  reckoned  in  terms  of  the  number  of 
gram-molecules  per  unit  volume  of  the  gas. 

(3)  The  velocity  parallel  to  the  metallic  surface  of  that  portion  of 
the  gas  adjacent  to  the  metallic  surface,  the  lines  of  flow  next  the 
surface  being  assumed  to  be  straight. 

This  approximately  linear  relation  between  the  velocity  and  the 
quantity  of  heat  transmitted,  as  first  suggested  by  Prof.  Osborne 
Reynolds  and  later  developed  mathematically  by  Prof.  John  Perry, 
is  so  remarkably  simple  as  to  suggest  the  query  whether  or  not  the 
same  straight-line  law  is  in  general  applicable  to  all  heterogeneous 
physical  and  chemical  reactions.  The  following  instances  appear  to 
indicate  an  affirmative  answer  to  the  query. 

One  of  the  most  striking  instances  that  are  of  particular  interest  to 
engineers  is  the  straight-line  relation  between  the  rate  of  combustion 
of  fuel  on  the  grate  and  the  velocity  of  air  passing  through  the  fuel  bed. 
Everybody  is  familiar  with  the  fact  that  as  the  "draft"  is  increased 
the  rate  of  combustion  increases.  This  increase  in  the  rate  of  com- 
bustion is  directly  proportional  to  the  velocity  of  air  through  the 
burning  fuel.  As  a  practical  illustration  of  this  fact  the  writers  refer 
to  Bureau  of  Mines  Bulletin  21,  page  52.  The  upper  curve  of  the 
chart  on  that  page  shows  that  the  rate  of  combustion  is  a  straight-Une 
168 
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function  of  (lu^  vvci^lil.  (►!"  air  sii|)|)lir(|  per  lioiir.  TIm'  \^'\^u•l{y 
thr{)ii«i;li  tlu^  I'licl  l)('(l  is  (liicclly  propoi'liomil  (o  llu^  w(»i^l»t  of  air  siip- 
])li(Hl,  so  Unil-  (his  si  riii^lil-liiu'  i-clnlion  oxistH  between  llir  velocity 
and   tli(^  rule  ol"  coinhiislion. 

In  ('leveliind  Ahhe's  hook  on  "'i'h(^  I'ehilion  helvveen  clinuitcH  imd 
crops"  (U.  vS.  W(Milh(M-  BurcMui  I>ulleli?i  No..'i()),  this  pnssji^*'  occurs  on 
pn|i;c  105: 

The  ('Viii)()nili()ii  of  wairr  from  (Ik;  IcavcH  und  from  Uio  ^M'oiind  diipciulH  upon  llu? 
tomporaturi^,  wind,  jiiid  luimidity  of  tho  air.  It  Ih  a  ruthcr  comph^x  rcHull;  if  Iho 
above-mentioned  elementH  remain  conHUmt  for  any  lenjj[th  of  time  at  the  Burfur-e  of  tho 

masH  of  water  \\\v  cvaporaliou  from  that  Miirfaco  will  bo  cloHoly  repnisentod  by  the  fol- 
h)wing  formiihi,  whic-li  in  diii^  to  I''i(z|^('rahl  of  IJonton, 

E=0.01(JG  (V-p)  (1  +  iW), 

wh(»re  W  in  tho  vc^h^rity  of  the  wind  in  miles  per  hour,  P  the  pressure  of  the  vapor  in 
inches  of  mercury  rorres])ondin<i;  to  the  temperature  of  the  water,  pthe  pressure  of  vapor 
corresponding  to  the  dew  point  in  the  free  air,  and  E  the  evaporation  expressed  in 
inches  of  depth  of  water  evaporated  per  hour  under  atmospheric  pressure  between  29 
and  31  inches  of  barometer. 

Also  on  page  106: 

Prof.  Thomas  Russel,  of  the  Signal  Office,  has  published  results  of  some  observations 
on  the  effect  of  the  wind  on  the  evaporation  from  the  disks  of  the  Piche  evaporimeter. 
(See  Annual  Report  Chief  Signal  Officer,  1888,  p.  176,  or  Monthly  Weather  Review, 
1888,  p.  215.)  lie  finds  that  with  the  temperature  of  tho  air  84°  F.,  and  a  relative 
humidity  of  50  per  cent,  tho  evaporation  varies  with  the  velocity  of  the  wdnd  at  the 
surface  of  the  moist  disk  as  in  the  following  paragraph: 

**At  5  miles  per  hour  the  evaporation  is  2.2  times  that  in  a  calm;  at  10  miles,  3.8 
times;  at  15  miles,  4.9  times;  at  20  miles,  5.7  times;  at  25  miles,  6.1  times;  at  30  miles, 
6.3  times." 

Up  to  20  miles  per  hour  this  is  a  Hnear  function  of  the  velocity  of 
the  wind;  above  20  miles  the  evaporation  falls  off. 

The  Piche  evaporimeter  consists  of  a  glass  tube  closed  at  the  top^ 
and  fitted  at  the  bottom  with  a  horizontal  disk  of  bibulous  paper  of 
about  twice  the  diameter  of  the  tube;  the  tube  is  filled  with  water,  the 
rate  of  evaporation  of  which  is  read  off  from  graduations  on  the  tube. 
It  is  evident  that  at  high  wind  velocities  the  temperature  of  the  water 
will  become  considerably  lower,  and  thus  the  above  experiments  are 
only  approximately  indicative. 

Another  instance  is  found  in  the  inaugural  dissertation  of  E.  S. 
Merriam,  Goettingen,  1906.  He  gives  some  measurements  of  the 
residual  currents  through  salt  solutions.  Perhaps  the  subject  of 
residual  currents  may  not  be  familiar  to  all  readers,  so  a  brief  defini- 
tion is  given  here.  When  an  electric  current  is  sent  by  an  imposed 
electromotive  force  through  a  salt  solution,  which  at  the  beginning  is 
of  uniform  concentration,  there  is  rapidly  produced  a  counterelectro- 
motive  force  at  the  electrodes,  due  to  the  electromotive  force  of  the 
concentration  difference  at  the  two  electrodes.  (All  this  under  the 
condition  that  the  impressed  voltage  is  very  low  so  that  no  gases  are 
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formed  at  the  electrodes.)  This  counterelectromotive  force  would 
rise  in  value  and  finally  stop  the  current  if  it  were  not  that  the  electro- 
lyte in  the  main  body  of  the  solution  diffuses  into  the  weaker  solutions 
around  the  electrodes,  or  vice  versa,  resulting  in  reductions  of  the 
concentration  differences  (and  total  difference  between  the  electrodes), 
and  hence  in  a  reduction  of  the  counterelectromotive  force.  After 
the  voltage  has  been  impressed  for  some  time  a  steady  strength  of 
current  is  reached,  which  is  called  the  '^ residual  current."  The  final 
strength  of  current  is  obviously  determined  by  diffusion  processes, 
and  its  magnitude  is  therefore  increased  by  any  causes  which  make  the 
diffusion  faster,  stirring,  for  example.  Merriam  rotated  one  electrode, 
which  was  small;  the  other  was  stationar}^  and  so  large  that  no  appre- 
ciable change  of  concentration  occurred  at  it.  His  measurements  give 
the  relation  between  this  residual  current  and  the  speed  of  rotation 
of  the  electrode.  Although  he  considers  the  relation  to  be  logarithmic, 
if  the  results  are  platted  with  the  residual  current  as  ordinate  and 
the  velocity  of  rotation  as  abscissae,  the  points  will  lie  as  nearly  on  a 
straight  line  as  one  could  wish.  The  logarithmic  equation  is  only  an 
empirical  one,  whereas  the  linear  equation  is  d'a"ectly  analogous  to 
Perry's  well-based  linear  equation  for  the  transmission  of  heat  into  a 
boiler  plate  from  a  stream  of  hot  gas,  moving  parallel  to  it. 

On  the  basis  of  the  kinetic  theory  of  gases,  Perry  reasons  that  the 
rapidity  with  which  the  cold  adhering  molecules  are  replaced  by  hot 
ones  is  a  direct  function  of  the  translational  velocity  of  the  gas  as  a 
whole  past  and  parallel  to  the  heating  surface.  There  is  no  reason 
know^n  to  the  present  authors  why  the  same  reasoning  will  not  apply 
in  heterogeneous  chemical  reactions. 

The  assumption  of  the  reality  of  these  adhering  films  is  fairly  well 
substantiated.  Dr.  O.  E.  Meyer,  in  his  standard  book  entitled  '^  The 
Kinetic  Theory  of  Gases,"  as  much  as  postulates  the  existence  of 
such  a  film  next  the  surface  of  solids.  There  is  also  a  great  deal  of 
evidence  from  experiments,  some  of  which  is  given  here. 

Briggs  ^  attempted  to  calculate  the  thickness  of  the  layer  of  water 
adsorbed  (held  on  the  surface,  not  absorbed)  on  quartz  grains  of 
several  sizes  and  concluded  that  it  was  about  2.66xl0~^  cm.,  if  the 
layer  had  a  uniform  density  equal  to  that  of  water ;  the  mass  of  grains 
was  exposed  to  air  at  30°  C,  99  per  cent  saturated  with  water  vapor. 

It  is  also  likely  that  water  vapor  adheres  to  glass  and  certain 
minerals  with  great  tenacit}",  as  they  must  in  some  cases  be  heated 
to  several  hundred  degrees  temperature  before  water  vapor  ceases  to 
come  off.  In  these  cases,  however,  one  can  not  be  sure  that  there  is 
not  some  sort  of  chemical  combination ;  but  if  there  is,  the  velocity  of 
the  reaction  would  nevertheless  fall  more  or  less  under  the  influence 
of  the  ''scrubbing"  factor. 

a  Jour.  Phys.  Chem.,  vol.  9,  1905,  p.  617. 
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Mull'arth  «  found  1  luil,  jxMfirtly  dry  ^lass  powder  ulworhcd  ordinary 
gases  and  that  tho  w'ei;^lit  of  llie  iihn  was  ^ovcimkmI  npproxiniatcly 
by  (hn  tcniix'ialuro-pn'ssuro  laws  of  j^ascs.  Tliis  is  about  wluit 
should  bo  expected,  in  the  a))senc(^  of  chemical  liy^roscopic,  efrccls,  if 
one  postulates  that  tlu^  <j:;nses  arc^  not  held  as  a  li((uid  film  of  lionio- 
f];eneous  density  but  that  anionj^  and  close  to  the  ouler  molecules  of 
the  solid  tlie  <^ases  nniy  Ix^  denser  than  their  licjuid  phases  (althouf^h 
in  the  <!:aseous  state)  anvl  that  the  density  decreases  outward  accord- 
in<i;  to  an  anli-compound-intcrest  law,  with,  however,  the  stipulation 
that  the  lower  limit  of  density  is  not  zero  but  the  density  of  the 
atmosphere. 

More  evidence  from  ex|)eriments  will  not  be  ^iven,  for  it  is  ail  cir- 
cumstantial at  best.  Better  matter  will  bo  found  in  some  text- 
books on  physical  chemistry,  notably  in  Nernst's  book  entitled 
''Theoretical  Chemistry  from  the  Standpoint  of  Thermodynamics  and 
Avogadro's  Rule,"  where  the  hypothesis  of  a  thin  diffusion  layer  is 
applied  to  many  })hysicochemical  ])rocesses. 

Some  of  the  above  data  on  absorption  are  taken  from  Bulletin  No. 
51  of  the  United  States  Bureau  of  Soils. 

The  intention  of  the  authors  is  to  put  heat  transmission,  electro- 
lytic diffusion  (conduction),  and  heterogeneous  chemical  reactions  all 
on  the  same  footing  so  far  as  concerns  their  being  functions  of  relative 
bodily  velocities  between  the  different  states  of  the  matter  concerned. 
The  authors  do  not  desire  to  have  this  velocity  factor  given  over- 
whelming importance  compared  with  other  factors,  but  to  have  it 
given  the  attention  it  deserves. 

A  number  of  physical  chemists  have  pointed  out  that  many  measure- 
ments of  reaction  velocities  heretofore  made  are  really  measurements 
of  secondary  and  incidental  physical  velocities.  Possibly  a  careful 
and  discriminating  application  of  this  "scrubbing"  factor  will  serve 
to  harmonize  a  number  of  discordant  measurements  and  apparently 
contradictory  facts. 

As  a  contribution  in  that  direction  the  following  abstract  treatment 
is  offered  bearing  on  the  evaporation  of  water  from  its  free  surface 
(not  from  a  wetted  solid)  in  a  wind.  Some  physicists  ought  to 
investigate  the  subject  with  accuracy,  because  some  really  well- 
founded  equations  on  such  heterogeneous  reactions  would  be  of 
immense  service  in  physical  chemistry,  physics,  and  engineering. 

Let  2^  =  the  pressure  of  the  water  vapor  in  the  air. 

P  =  the  vapor  pressure  of  the  water. 
F  =  the  surface  area  of  the  water. 

D  =  the  diffusion  coefficient  of  the  vapor  from  the  water. 
d  =  the  thickness  of  the  film  of  air  adhering  to  the  surface 
of  the  water. 

o  Ann.  Phys.,  ser.  4,  vol.  3, 1900,  p.  328. 
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Let  a:  =  the  weight  of  water  evaporated  up  to  the  time  t. 

t  =  iime. 
V  =  velocity  of  the  moving  air. 
a  and  b=  (unknown)  constants. 
Then  the  rate  of  evaporation  at  end  of  time  t, 

dt     ^^     d    ' 

which,  on  disintegration  under  the  condition  that  x  =  0  when  ^  =  0, 
gives  ^^  =  D-^. 

X 

The  quantity  r^  is  the  amount  evaporated  from  unit  surface  in 
unit  time  E;  then 

E  =  D^  (I) 

Now,  introduce  the  experimental  fact  (see  Fitzgerald  formula  p.  169) 
that  the  amount  of  water  evaporated  bears  a  linear  relation  to  the 
velocity  of  the  wind  over  the  water  surface;  then  the  evaporation 
must  be  a  function  of  the  velocity  of  the  air  according  to  an  equation 
of  some  such  form  as  the  following: 

E  =  D(P-;p)(a  +  &V)  (II) 

Equating  (I)  and  (II)  gives 

E  =  ^^^^^=^  =  D(P-i>)(a  +  5V). 
Whence 

In  the  heat-imp  art  ation  equations  (probably  substantiated  by  the 
Geological  Survey's  experiments),  when  all  complicating  ''other 
things"  are  rendered  ''equal,"  a  =  0  so  that 

and  the  curve  showing  the  relation  between  the  thickness  of  the 
diffusion  layer  and  the  velocity  of  the  gas  is  a  rectangular  hyperbola. 
But  in  evaporation  a  is  not  0,  and  the  hyperbola  is  distorted  by  a 
higher  velocity  coordinate.  By  .careful  experiments  it  might  be 
feasible  to  plat  this  distorted  hyperbola  in  inches  (or  centimeters), 
and  then  a  very  clear  idea  could  be  had  of  the  magnitudes  involved. 
This,  the  authors  believe,  would  be  the  first  case  in  which  a  diffusioa 
layer  in  gases  would  have  been  calculated. 


(UiOSSAKV. 

Adsolutio  TKiwrKKATnuK.  'V\ni  fciiipinihin'  of  a  Hubstanco  rcckoiuul  from  tlmt 
toinporalurc-  -1(11*^  bolow  tho  zc^ro  on  the  Kuhrcnhcit-  h(u1<»  uikI  ^yiJ*^  b«l(iw  th« 
zero  on  \hv  cciiti^radn  Hcah*     at  which  all  h«'al,  is  HiijipoHcd  to  bo  abHcnt. 

Ai'i'iioACii,  VKLociTY  OK.     Sn'  Vi'locily  of  a|)proa<h. 

AvAiLAHLK  iiKAT.  Thill  portion  of  tiiij  hout  givon  to  ihc  fi[aHOH  (?nl(Tinj<  a  boilor  that 
IH  al)o\<'  tlic  (piaiilit y  r('(|iiirc(i  lo  raise  ^]\^1  ^ohoh  from  atmosphi'ric  to  boih'r-watcr 
temperature. 

Bafflic.  a  partition  desifi^niMl  to  change;  tiic  coiirsc  of  moving;  j^aHew  in  tho  furnaco  of 
amonp^  the  l)t)ih'r  tubes. 

Black  nonv,  A  term  used  to  (h'signale  a  body  that  would  absorb  absolutely  all  of 
any  radiant  heat  (includinj^  li^ht)  that  mi^^lit  fall  upon  it.  Lampblack  abHorbs 
about  9()  jx'l"  cent  of  such  radiation.  In  the  laboratory  tho  full  ecpiivahint  of  a 
perfectly  black  surface  is  obtained  ])y  usinp;  a  hollow  body  of  any  Buitable  sub- 
etanco  (for  example,  graphite  or  earthenware)  with  a  .small  hole  in  it,  tho  whole 
surface  being  kept  uniformly  at  tho  temperature  under  investigation.  It  is 
obvious  that  of  any  heat  entering  the  hole  by  radiation,  only  an  extremely  small 
part  would  ever  get  out. 

BoLTZMANN  AND  Stefan's  LAW.     See  Stefan  and  Boltzmann's  law. 

British  tiieumal  unit.  The  quantity  of  Jieat  that  is  required  to  raise  the  temper- 
ature of  1  pound  of  pure  water  from  32°  F.  to  212°  F.,  divided  by  180  (sometimes 
designated  "average  British  thermal  unit").  The  abbreviation  B.  t.  u.  is  used 
in  this  bulletin. 

Capacity.  A  word  commonly  used,  loosely,  to  denote  the  percentage  of  steam  made 
by  a  boiler;  the  rated  evaporation  of  the  builder  being  taken  as  100  per  cent. 

Combustible.  A\lien  in  quotation  marks  this  word  means  "coal  free  from  moisture 
and  ash." 

Combustion  chamber.  Strictly,  the  entire  space  between  the  surface  of  the  fuel 
bed  and  the  area  at  which  the  gases  enter  the  boiler.  The  term  is  generally  used, 
however,  to  designate  the  space  between  the  bridge  wall  and  that  area. 

Conduction.  The  process  of  transferring  heat  by  direct  contact,  as  along  a  rod,  or 
from  a  hot  stove  to  a  flat  iron  on  it. 

Convection.  The  addition  of  heat  to  or  the  removal  of  heat  from  a  body  by  gases  or 
liquids  circulating  in  direct  contact  with  the  body;  as  the  removal  of  heat  from 
a  radiator  by  the  circulation  of  air. 

Critical  velocity.  Used,  in  connection  with  a  moving  fluid,  to  designate  that 
velocity  at  which  the  stream  lines  of  flow  cease  rather  suddenly  to  be  parallel, 
and  at  which  violent  eddying  begins. 

In  this  bulletin  the  term  is  also  used  in  the  discussion  of  the  tests  on  the 
laboratory  multitubular  boilers,  to  designate  that  velocity  of  the  air  entering 
the  boiler  tubes  beyond  which  the  true  boiler  efficiency  is  substantially  constant 
or  falls  off  slightly.  This  critical  velocity  is  probably  a  manifestation  of  the 
appearance  of  eddying. 

Dry  surface.  On  the  gas  side  of  a  boiler  tube,  that  thin  zone  or  region  in  the  layer 
of  soot  and  gas  at  which  it  is  presumed  the  heat  ceases  to  travel  by  radiation  and 
convection  and  begins  to  travel  by  conduction. 

Efficiencies.  Boiler  and  grate  ("over-all")  efficiency,  A.S.M.E.  code  item  73,  is  the 
ratio  of  the  heat  absorbed  by  a  boiler  to  the  potential  heat  of  the  dry  coal  fired. 

Boiler  efficiency  72.1  (designated  in  bulletins  of  the  United  States  Geological 
Survey  as  72*)  is  the  ratio  of  the  heat  absorbed  by  a  boiler  to  the  potential  heat  of 
the  "combustible"  ascending  from  the  grate.  The  "combustible"  in  this  item 
is  equal  to  the  total  dry  coal  fired,  minus  the  ash  shown  by  analysis  of  the  dry  coal, 
minus  the  combustible  in  the  refuse. 
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Percentage  of  completeness  of  combustion  is  the  ratio  of  the  heat  actually 
evolved  in  the  furnace  to  the  potential  heat  of  the  combustible  ascending  from 
the  grate. 

True  boiler  efficiency,  sometimes  denoted  as  E4  by  the  present  authors,  is  the 
ratio  of  the  heat  absorbed  by  the  boiler  to  the  heat  in  the  gases  that  is  available 
to  the  boiler,  only  that  part  of  the  heat  in  the  gases  being  considered  available 
which  remains  after  subtracting  from  the  total  heat  actually  generated  the  quan- 
tity used  in  heating  the  gases  from  atmospheric  to  the  steam  temperature  of  the 
boiler. 

Empirical  p^ormula.  A  formula  expressing  the  actual  relations  between  two  or  more 
variables  and  constants,  but  not  founded  on  known  laws.  See  "Rational  for- 
mula." 

Flue-gas  temperature.  A  term  used  to  denote  the  temperature  of  gases  as  they 
leave  the  heating  plates  of  a  boiler. 

Flues.     Synonymous  with  the  tubes  of  a  multitubular  (fire-tube)  boiler. 

Heat,  available.     See  Available  heat. 

Heating  plate.  A  term  used  in  this  bulletin  to  denote  any  metallic  part  of  the 
boiler,  one  side  of  which  is  either  exposed  to  direct  radiation  from  the  furnace  or 
is  in  contact  with  the  hot  furnace  gases,  and  the  other  side  of  which  is  wetted  by 
the  boiler  water.  This  term  is  used  in  preference  to  the  common  expression 
"heating  surface,"  in  order  to  distinguish  dry  from  wet  surface. 

Horsepower,  boiler.  A  boiler  can  not  logically  be  rated  in  horsepower.  Never- 
theless, in  the  United  States  a  boiler  horsepower  is  said  to  be  equivalent  to  the 
evaporation  of  34.5  pounds  of  water  per  hour  into  steam  from  and  at  212°  F. 

Initial  temperature.  A  short  term  used  to  denote  the  temperature  of  air  or  other 
furnace  gases  entering  the  boiler. 

Potential  heat,  A  term  applied  to  the  undeveloped  heat  in  fuel,  as  determined 
by  a  calorimeter. 

Pressure  drop.  The  difference  between  the  pressures  ("drafts")  at  two  places  in 
a  flowing  stream  of  gas. 

Radiation.  The  process  of  transferring  energy  (including  heat,  light,  etc.)  through 
space  without  the  aid  of  tangible  material;  for  example,  from  the  sun  to  the  earth. 

Rational  formula.  A  formula  deduced  from  fundamental  laws,  as  of  physics. 
See  Empirical  formula. 

Stefan  and  Boltzmann  law.  The  net  amount  of  radiant  energy  (heat,  for  example) 
radiated  from  a  black  surface  to  a  cooler  black  surface  is  proportional  to  the  differ- 
ence of  the  fourth  powers  of  the  absolute  temperatures  of  the  bodies. 

Temperature,  absolute.     See  Absolute  temperature. 

Temperature  gradient.  As  used  in  this  bulletin,  any  continuously  rising  or 
falling  change  of  temperature  along  or  through  a  body  or  bodies  actively  con- 
ducting heat. 

Velocity,  critical.     See  Critical  velocity. 

Velocity  of  approach.  T\Tien  water  flows  from  a  weir  in  the  end  of  a  large  trough 
the  water  is  said  to  approach  the  weir  with  negligible  velocity.  But  if  the  trough 
be  small  or  tapered  toward  the  orifice,  then  the  water  approaches  the  orifice  with 
considerable  velocity,  so  that  the  discharge  is  greater  than  that  due  merely  to  the 
static  head  on  the  weir.     The  same  reasoning  applies  fully  to  gases. 

As  a  consequence  of  this  effect  it  often  happens,  under  the  same  pressure  drop 
(''draft")  through  two  boilers  identically  alike  (speaking  of  the  boilers  proper), 
that  much  more  gas  will  pass  through  one  than  through  the  other,  because  the 
passage  immediately  preceding  the  first  boiler  is  of  smaller  cross  section,  whence 
the  gas  velocity  is  higher. 

Wet  surface.  On  the  water  side  of  a  boiler  tube  that  thin  zone  or  region  in  the 
adhering  film  of  water  at  which,  it  is  presumed,  the  transmitted  heat  ceases  to, 
travel  by  conduction  and  is  removed  by  the  convection  of  the  water. 
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factor  governing 1G9 

liberationof,  relation  of,  to  boiler  capacity.      150 

figure  showing 150 
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Thompson,  G.  W.,  work  of 14 

Thompson,  William  (Lord  Kelvin),  work  of.       89 
Torpedo  boat,  tests  oOcoal  on 81-54 


180 


INDEX. 


Page. 
True  boiler  efficiency.    See  Boiler  efficiency, 

true. 
Tubes,  dimensions  of,  relation  of,  to  boiler 

efficiency 24,80 

See  Boiler  tubes. 

U. 

United  States  Geological  Survey,  boiler  tests 

of 15, 147-155 

steam-engineering  section  of,  investiga- 
tions of 26-89 


V.  Pag«. 

Velocity  of  gas  as  factor  in  convection 114-115 

critical.    See  Critical  velocity. 

as  factor  in  various  processes 168-172 

"Vena  contracta "  effect  in  flues 62 

Viscosity  of  water,  effect  of,  on  heat  transfer. .  96-98 

W. 
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